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ABSTRACT
PART ONE: ACIDITY AND CHEMICAL COMPOSITION OF PRECIPITATION IN BATON 
ROUGE, LOUISIANA; THE SYNERGISTIC EFFECTS OF ACIDITY AND ALUMINUM ON 
FISH.
Acid precipitation which consists of both wet precipitation and dry deposition 
has recently become a significant environmental problem. It has been shown that the 
effects of acid rain are deleterious to soil, vegetation, aquatic life and buildings. Wet- 
precipitation-only samplers were used to collect acid rainfalls in the vicinity of 
Louisiana State University, Baton Rouge and subjected to appropriate chemical 
analysis for the purpose of characterization of general composition and acidity. Baton 
Rouge rainfall has shown acidic characteristic. About 50% of precipitation are within 
pH range of 4.0-5.0. Acidity of Baton Rouge rainfall is largely due to the presence 
of sulfuric and nitric acid. The temporal pH of rainfall in Baton Rouge indicates that 
there is seasonal variation in acidity of precipitation, namely rain water is more acidic 
in summer than winter. Study of pH of rainfall versus wind directions indicated no 
correlation between average pH and any specific local wind directions. Conductivity 
measurement indicated that light showers yielded much higher values of conductance 
than did large storms. The concentration of the major anions (SO4  "2, NO3  ' ,  C l ") 
and major cations (Na+, NH4+, K+) were measured utilizing ion chromatography. 
Inductively coupled plasma was utilized in determination of minor trace metals in the 
precipitation. Addition of aluminum ion to acidified waters caused increased toxicity 
to aquatic life, especially in the pH range of 4.5-5.0.
PART TWO: ELECTROCHEMICAL PRECONCENTRATION OF TRACE MERCURY ON 
CARBON FIBER FOR ATOMIC ABSORPTION ANALYSIS; CAPILLARY GC-AA FOR 
SPECIATION OF MERCURY COMPOUNDS.
Electrochemical preconcentration of trace elements on carbon fiber prior to 
atomic absorption analysis enabled an increase in sensitivity for the determination of 
low levels of trace mercury in water samples.
The environmental and toxicological impact o f trace elements is highly 
dependent on the chemical forms in which they are present. Speciation is critically 
important in assessing the potential toxic effects of a specific element on susceptible 
organisms and ecosystems.
Mercury and its compounds are highly toxic and organomercury compounds are far 
more toxic than elemental or inorganic mercury. A capillary gas chromatographic 
interfaced atomic absorption unit has been developed and used for the speciation and 
determination of volatile mercury compounds in environmental samples. Use of AA 
as a specific detector for GC combines the high resolving power of chromatography 
with specificity, selectivity and sensitivity of AA for the determination of 
organometallic compounds in environmental samples. Mercuric chloride, methyl 
mercuric chloride, and dimethyl mercury were separated. Resolution was excellent 
and reproducibility is within 5-10%. 100 pg of mercury can easily be detected.
PART ONE
ACIDITY AND COMPOSITION OF PRECIPITATION 
IN BATON ROUGE, LOUISIANA
THE SYNERGISTIC EFFECTS OF ACIDITY AND ALUMINUM ON FISH 
(GOLDEN SHINERS- N OTEMIQONU S CRYSTOLEUCAS)
1
CHAPTER ONE
GENERAL INTRODUCTION
1- Acid Precipitation
Acid rain has become one of the most prominent environmental problems of our 
time (1, 2, 3). Industrialization has caused increases in the release of sulfur oxides, 
nitrogen oxides and other pollutants into the atmosphere. The oxidation of these 
chemicals and subsequent scavenging by precipitation has caused widespread 
acidification by wet or dry deposition. Subsequent environmental damage in Europe 
and northeastern United States has been well documented (4).
Acid rain is also an international problem. For example, pollutants may 
originate in one country, with subsequent effects felt in another country (5). This 
occurs in Sweden, where the acid rain is believed to result from the transport of 
pollution emissions from Great Britain and Central Europe (6 ). Also, the Canadian 
acid rain problem is partially due to transport of pollutants from the United States (7).
Normal rain water is slightly acidic (pH 5.6) because of the dissolution of 
0.03% atmospheric carbon dioxide ( carbonic acid ) (8,9,10,11).
CO2  + H2 O  ^  H2 CO3 ^ = = = = = 5  H2 CO3  - + H +
Carbon- Water Carbonic Bicar- Hydrogen (1)
Dioxide Add bonate ion
The acidity present in rain water is sufficient to dissolve minerals in the earth's 
crust making them available to plant and animal life, yet not acidic to the point causing 
damage to living tissue. Rain with pH values less than the "normal" pH is defined as 
"acidic" (9,12).
Since the beginning of life on earth, plants have obtained an essential part of 
their nutrients from the atmosphere. From time to time, plants and animals have been
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injured by toxic substances dispersed in the atmosphere. When the industrial 
revolution started, people began to exert more and more influence on the bio­
geochemical circulation of the earth. We added progressively larger amounts of many 
kinds of substances to those that circulate naturally among the air, the water, the soil, 
and all living things. Some of these man-made materials were beneficial nutrients; 
some were inert; others were toxic or injurious depending upon their concentration or 
the nature of the organism receiving the deposition.
Because man now influences the chemical climate of the earth in so many im­
portant ways, it is essential that we understand the sources, transport, transformation, 
and chemistry of atmospheric deposition. We also must know the various effects that 
the deposited substances have on forests, fish, crops, soils, surface waters, and 
buildings as well as other structures.
Mankind has always valued rain. Plentiful and timely rains assured good crops 
and abundant water supplies. Summer rains are refreshing. Spring rains help 
recharge aquifers and cleanse groundwater, autumn rains and winter snow cleanse the 
air. Over the last decades, however, in many parts of the world rainfall has taken on 
a new and threatening complexity where rain is no longer benign. Now the rain must 
pass through an atmosphere containing man made contaminants, particles and gases 
such as sulfur oxides and nitrogen oxides. The falling rain and snow now react with 
these pollutants to produce precipitation with new chemical properties incorporating a 
mixture of water, sulfuric acid, nitric acid and other dissolved pollutants (9).
Contaminants, gases and particles are removed from the atmosphere by two 
processes: (1) Rain out, which is the incorporation of material into cloud drops that 
grow in size sufficiently to fall to the ground, and (2) Washout, which occurs when 
material below the cloud is swept out by rain or snow as it falls. Together, these two 
processes account for wet deposition of acidic material on the earth's surface. 
Atmospheric pollutants are also removed from the atmosphere in the absence of
precipitation by direct contact with the ground and vegetation. This process is called 
dry deposition.
Acidic substances are removed from the atmosphere by four basic 'dry' 
mechanisms: Gravitational settling, aerosol impacts on the surface, gaseous 
adsorption to the surface, and gaseous absorption by surface. Gravitational settling is 
the primary mechanism for removal of large particulates (greater than 5|im), such as 
those from fly ash, entrained soil, and sea-salt particles. For smaller particulates, 
such as anthropogenic acidic aerosols formed by combustion, the settling velocity is 
small compared to turbulent velocities in the lower atmosphere. Impacting of the 
small particles on surface accounts for most of their removal from the atmosphere. 
Gases, such as SOx and NOx, are removed from the atmosphere primarily through 
adsorption to or absorption by natural and man-made surfaces. Effects of the two 
types of deposition on the environment are indistinguishable. Both types are usually 
implicitly included under the popular term acid rain or the more scientific term, acid 
precipitation.
2. Historical perspective
The effects of acid rain were first observed in 1662 by two Englishmen ( J. 
Evelyn and J. G raunt) who noted "the influence of industrial emissions on the health 
of plants and people" (13). Some 200 years later, the term "acid rain" or "acid 
deposition" was proposed by the English chemist Robert Angus Smith, who 
discovered the relationship between sooty skies and acidity in rainfall. He was one of 
the few investigators of the phenomenon and in fact during the 250 year span from 
1661 to 1911, only 11 papers were published on the subject. In 1852, Smith 
published a detailed report on the chemistry of rain in and around the City of 
Manchester, England. In this remarkably early account, Smith called attention to the 
changes in precipitation chemistry as one moves from the middle of a polluted city to
its surrounding countryside. In 1962, Rachel Carson's book "Silent Spring" (14) 
popularized the term "poison rain." Five years later, Svante Oden in Sweden began 
research that led to the current widespread interest in the subject.
The earliest known measurement of precipitation pH in the United States was 
done in Brooklin, Maine, in 1939 when a pH value of 5.9 was obtained during a 
single rainstorm. Ten years later, during a 1949 summer rainfall in Washington, D.
C., measurement of the pH of eight individual raindrops established their mean pH 
value to be 4.2. Since 1967, the problem has received increased recognition in the 
United States, Canada, and Europe. The problem is now referred to in the press as 
"the ecological issue of the 1980's" (15).
3. Sources of Acid Rain
Although there are natural sources of acid deposition such as lightning, volcanic 
eruption, anaerobic decomposition of organic matter and airborne sea salt spray, most 
scientists would agree that the major source of acid rain traces its origin to gaseous 
pollutants produced by the combustion of fossil fuels containing sulfur and nitrogen. 
These pollutants include nitrogen oxides (NOx = NO, NO2 ), sulfur oxides (SOx = 
S0 2 .S0 3 ) and acidic aerosols such as sulfuric acid (H2 SO4 ), nitric acid (HNO3 ) and 
hydrochloric acid (HC1). Table I shows the source of different acid pollutants.
Sulfur oxides and nitrogen oxides are discharged into the atmosphere from 
stationary sources such as utility and industrial boilers burning fossil fuel in their 
power plants. Other sources include stack gases from industrial manufacturing such 
as smelter industries and automobiles exhaust (1). Tall stacks built to eject pollutants 
high into the atmosphere, solved local air pollution problems but failed to consider 
that, "what goes up most come down." Local air pollution problems become regional 
ones. Precipitation also contains dissolved substances and particulate matter from
TABLET
Major Sources of Acid Pollutants 
Fo.lly.tant Soyr.cs
SOx Auto exhaust, coal combustion, industry
NOx Auto exhaust, coal combustion, industry
HC1 Dumps,coal combustion, industry
H2 SO4  Atmospheric conversion of S02
HCOOH Smog chamber, oxidation of hydrocarbons
Organic Human activity, waste product, industry
Table I. Major sources of acid pollutants (16).
natural sources such as sea-salt spray, volcanic emissions, or terrestrial dust (17). 
These inclusions have an effect on the pH of the solution.
Based on nitrogen oxide content of acid rain, studies indicated that 45% of the 
total emissions come from mobile sources and 28% from stationary sources ( 1 ), 
(Figure 1). Based on sulfur oxides content of acid rain in the United States, an 
estimated emission of 28.5 million tons of SO2 are discharged into the atmosphere 
each year, and 40% of the total is contributed by nine states in the northern half of the 
country east of the Mississippi River (Figure 2).
A major factor in the pattern of deposition is that prevailing winds in those areas 
flow from southwest to northeast. This makes the upper Midwestern states highly 
suspect as contributors to the acid rain problems in the northeastern United States and 
Canada (5). In heavily polluted areas with many high emission sources, pollutant 
deposition is correspondingly high and independent of wind direction because, air 
masses traveling over this region, from whatever direction, reach some sort of 
saturation and the pollutants are being deposited out of the atmosphere as fast as they 
are being accumulated. On the other hand, in regions outside polluted areas 
deposition is highly dependent on wind direction.
4. Automobiles as a Source of Acid Rain
Catalytic converters on new automobiles are designed to reduce organic smog, 
however, the catalytic process is the same as the process used to manufacture sulfuric 
acid (16). It is therefore not surprising that H2 SO4  and HNO3  are found in emission 
from such cars. Inasmuch as these acids are much more destructive than SO2  or 
lower oxides of nitrogen, the catalytic converter must be considered to be a major 
producer of strong acids.
In addition, it is known from the chemistry of the catalytic process for making 
sulfuric acid, that it is extremely difficult to trap out sulfuric acid mist. Commercial
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sulfuric acid plants use oleum i.e. supersaturated sulfuric acid as a trapping agent, an 
option not available to pollution chemists. The difficulties in trapping sulfuric acid 
has been demonstrated with radioactive tracers, which underlined the uselessness of 
the procedure (18). Normally when fossil fuels (coal or oil) are burned, the principal 
acidic products are sulfur oxides (SOx) and nitric oxides (NOx) which are weaker
acids. Under normal circumstances a portion of these gaseous pollutants will be 
further oxidized to H2 SO4  or HNO3  by several different pathways such as gas-phase
photochemical oxidation or liquid-phase heterogeneous oxidation (19). But a 
considerable portion will be rained out as the weaker acids.
However, the catalytic converter on the automobile acts in exactly the same 
manner as the catalytic process for manufacturing sulfuric acid and this results in 
increased HNO3  concentrations and in all the sulfur in gasoline being directly 
converted to H 2 SO4
By converting them to the strong acids,.these processes significantly increase 
the potential risks from SOx and NOx.
5. Acid Fog
In addition to wet and dry deposition, there is a third group of events which 
does not fit well into either wet or dry deposition. These events include dews, frosts, 
and fogs (20). Recent pH measurement of fog collected by a rotating arm collector 
in south California has shown an even greater acidity than acidic precipitation. Some 
samples showed a pH range of 2.2-4.0, an acidity equivalent to that of toilet bowl 
cleaners (2 0 ,2 1 ).
The role of acid fog in acidic deposition is either removal of acidic substances 
directly from the atmosphere, thus adding to the total acidic deposition or dissolving 
dry deposited acidic substances which in turn increases local acidic conditions. 
Several reasons may cause more acidity in the fog than in rain water. Fog forms near
the ground where pollution sources are located and pollution is the heaviest. Fog 
droplets coalesce around highly concentrated aerosols near the ground, and because 
fog water droplets are less diluted with the atmospheric water, they have more acidity 
than rain water. The acidity of fog is usually dependent on its condition and temporal 
profile.
At the beginning of fog formation, small droplets are formed with dense 
aerosols in them and they are more acidic. As the drop grows in size, dilution 
occurs, and acidity decreases. In some cases fog becomes more acidic because of 
evaporation of droplets. The fog is more acidic after a smoggy day since it coalesces 
on the aerosols of the previous day.
The major source of fog formation is considered to be photochemical reaction. 
It is the same pathway by which SOx and NOx in rain water are oxidized to H2 SO4  
and HNO3 . Reactions activated by sunlight are believed to be major route for
conversion of pollutants in the rain into their acidic form. Studies have shown the 
NO3 /SO4  ratio is different in fog and rain water samples (22). There are no research
results available on effects of acidic fog on vegetation and human health, but it is 
believed to be more damaging than acidic rainfalls.
6 . Mechanisms of Acid Rain Formation
The large temporal and spatial scales of acid deposition make experimentation 
and observation extremely difficult. Elaborate instrumentation and dedicated teams of 
research scientists have been studying pathways by which pollutants are converted to 
their acidic forms in cloud water (23). In some of these investigations, ground 
station laboratories, platforms, balloons, aircraft and satellites equipped with mobile 
and miniature gas chromatography, cryogenic samplers, airborne nitric oxide and 
ozone analyzers have been utilized to investigate the reaction mechanisms responsible 
for acid rain formation (19).
It is known that oxidation of sulfur oxides, nitrogen oxides and other pollutants 
in the atmosphere leads to formation of acid rain, but just how this important and 
puzzling chemistry occurs in the clouds is largely unknown (Figure 3). Many 
theoretical reaction mechanisms have been proposed, but few have been confirmed 
experimentally (24,25). Available experimental findings suggest that the overall 
reaction mechanisms of oxidation is a complex mixture of many different reaction 
pathways such as gas-phase photochemical oxidation and heterogeneous liquid-phase 
reactions(26).
Photochemical reaction converts SO2  to sulfates in presence of sunlight. 
Heterogeneous liquid-phase reaction oxidizes SO2  utilizing oxidizing gases such as 
oxygen, ozone (O3 ), hydrogen peroxide (H2 O2 ) or hydroxyl radical (OH').
It has been realized that the presence of H2 O2  and O3  in aqueous atmospheric 
solutions implied that an active free radical chemistry was present in the cloud water
(25). An important process in aqueous atmospheric chemistry is the dissolution of 
gaseous ozone, since ozone is known to oxidize sulfur dioxide and other species in 
aqueous solution (26).
The dissolution process is known to be catalyzed by OH" ions to produce 
OH' (27). The reactions involved are shown below (24):
Rate constant (*)
0 + O H" ^ . H 02  + 0 2 3.7 x 10 2 (M) (2 )
H 2 0 2 + H2 O - H2 O - + H3 O + 1.4 x 10 "3  (E) (3)
H 3 0  + + 0 2  H2 O + HO2  ' 1.0 x 10 1 0  (E) (4)
H0 2 ' + HO2 ' - H2 O2  + 0 2 3.1 x 10 9  (M) (5)
H2 0 2 hv OH ' + OH ' 5.2 x 10 9  (M) (6)
(*)- Rate constants are in liter mole second _1units, except for photolytic 
reactions, which have units of seconds _1. M = measured ; E = estimated
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It is more likely that ozone will react with HC>2 * incorporated from the gas- 
phase:
O3 + HO2  * OH • + 202  4.0 x 10 6  (E) (7)
In this reaction and others, the involvement of HC>2 - is affected by solution 
pH. The H0 2 ' acid equilibrium is such that the HC>2 - concentration is ten times that 
o f O2 - at pH 4 and the concentrations are equivalent near pH 5. Other reactions of 
interest in raindrop chemistry include the photolysis of H2 O2  to produce OH- and the 
photolysis of NO3 " to produce ozone :
hv 0 2
N03~- - J ^  O O3  (8 )
N 0 2 ‘
Chemical reaction also may be catalyzed on the surface of carbonaceous or 
metallic particles. If metal catalysts are required to carry out the liquid-phase 
oxidation then the presence of catalyst might be a more important factor for 
conversion than the concentration of oxidants, but a comprehensive assessment of 
metal chemistry in this role is not yet available (24).
Observation of atmospheric sulfate indicates that the relatively well 
understood gas-phase photochemical oxidation reactions cannot account for the total 
sulfate formation in clouds (19). If photochemistry were the only oxidation process 
that converts SO2  to sulfate then sulfate concentration should drop off dramatically in
winter by a factor of ten because available sunlight is reduced. But the conversion 
does not drop more than a factor of two. The conclusion is that other processes, 
particularly heterogeneous reaction, are playing a part. Liquid phase reactions are 
thought to occur when SC>2 } an oxidizing gas such as oxygen, ozone (O3 ) or 
hydrogen peroxide (H2 O2 ), and possibly a trace metal catalyst diffuse into a cloud 
droplet. However heterogeneous chemistry is not the only reaction pathway
responsible for conversion of these pollutants to their acidic compounds. If 
heterogeneous reaction alone was the major factor then both O 3  and H2 O 2
themselves would drop off in winter, therefore the heterogeneous oxidation rate 
should fall drastically in winter and no data confirms this speculated reaction 
mechanism.
Many believe that probably enough hydrogen peroxide vapor is generated in 
the cloud water itself to act as the rate limiting oxidant in the transformation of sulfur 
oxides to sulfuric acid and nitrogen oxides to nitric acid (19). Hydrogen oxide 
precursors (hydrocarbons and ozone) are present in sufficient concentration in 
polluted air to generate the oxidants. There are possibilities that hydrocarbons are 
indeed controlling the oxidant level. The process of conversion of hydrocarbons to 
oxidants is not well understood, but olefins, which are unsaturated hydrocarbons and 
ozone are two precursors capable of doing this transformation (1).
In general, combustion of fossil fuel produces sulfur dioxide which can be 
further oxidized and concentrated to sulfuric acid (1 1 ).
5 0 2  + 1/2 0 2  SO3  (9 )
5 0 3  + H2 O  ^  2H + + S 04 -2 (10)
Or in general: SO2  + 1/2 0 2  + H2 O H 2 SO4  ( l i )
The oxidation of sulfur dioxide in an effluent gas is strongly influenced by the 
relative humidity. At relative humidities below 70% oxidation is minimal but at 
higher humidities oxidation is considerably more rapid (26). The oxides of nitrogen 
and nitric acid are naturally produced in the atmosphere by the energy discharged in 
lightning flashes. The conversion of nitrogen oxides to nitric acid in cloud water are 
shown below ( 1 1 ) :
3N 02  + H20  2H + + 2N 0 3 - + NO
4 N 0 2 + 2H20  + 0 2 4H + + 4 N 0 3 -
(13)
(14)
However, the major source of NOx formation is the internal combustion 
process, such as those occurring in automobile's engines. Reaction of these oxides 
o f nitrogen with water droplets in clouds produces nitric acid as shown in Figure 4,
The degree of precipitation is not the only factor affecting the amount of 
deposition. The weather condition, wind direction, wind speed, temperature, type of 
precipitation, rate o f precipitation, and synoptic conditions also affect the 
concentration of chemicals deposited by rain.
There are speculations that the correlation between the rate of precipitation and 
concentration of acidic chemicals deposited are higher at slower precipitation rates. 
This might be due to the smaller droplet size associated with slower rain which is 
more effective in scavenging materials from the polluted atmosphere. With constant 
initial concentration of trace species in rain, calculations show that ion concentrations 
in rain water increase as the rate of rain decreases and that in a steady rainfall the 
concentration of scavenged ions decreases as the concentration of the gaseous 
precursors decrease (24).
7. Effect of Acid Rain on Organic Substances
Most research efforts are aimed at determining the toxicological effects of 
acidification of the environment by inorganic substances originated during burning of 
fossil fuels, leached out of soils and sediments and mobilized from metallic pipes.
Although the increased concentration of inorganic compounds in the aquatic 
environment is important and need considerable attention, there are other areas 
possibly as important which have not received proper care specially those of
(26).
Reaction in the Combustion Chamber
1. Generation of atomic oxygen
0 2 —= - O + O (15)
Step (i) CO + OH ^  C 0 2  + 1/2H2 (16)
Step (ii) 1/2H2  + 0 2  — OH + O (17)
2. Formation of nitric oxide utilizing atomic oxygen and atmospheric nitrogen
Step (i) O + N 2  NO + 1/2N2 (18)
Step (ii) 1/2N2  + 0 2  ...— . NO + O (19)
Reaction in the atmosphere
1. Formation of nitrogen dioxide and nitrogen trioxide
2NO + 0 2  _______ 2N 0 2
O 3  + NO ----------- N 0 2  + 0 2
N0 2  + O3  — ^  NO3  + o 2
2. Formation of N2Os and reaction of nitrogen trioxide
NO3  + N 0 2  — N2 0 5  
NO3  + NO --------2N 0 2
3. Formation of nitrous and nitric acids in the presence of moisture
N2 O5  + H20   2 HNO3  (2 5 )
N 0 2  + NO + H20   ——- 2H N 02  (2 6 )
(20)
(21)
(22)
(23)
(24)
Figure 4. Reaction sequence resulting in the formation of nitrous and nitric 
acids from the combustion of fossil fuels (26).
lipophilic toxic organic compounds which have a direct relation with changes in 
hydrogen ion concentration (28). Usually only the unionized form of lipid-soluble 
organic molecules will diffuse across biological membrane. Therefore, of the many 
lipophilic organic compounds,whether they are anthropogenic or natural in origin, 
those that are weak acids will be less ionized and as a result capable of an enhanced 
bio-availability resulting in relatively greater toxicity in acidified environment. In 
contrast, the toxicity o f weak organic bases should theoretically diminish as the pH 
decreases, whereas neutral organic compounds may be unaffected by changes in pH.
Potential pH-dependent changes in toxicity of lipid soluble organic molecules 
may be an alternative explanation for the detrimental effects on our forests and fish 
species, which have been attributed to acid deposition and not yet been fully 
explained by existing theoretical and experimental approaches to the problem (29).
8 . Organic Compounds in Rain Water
Pollutants other than acids are transported in the atmosphere and deposited with 
precipitation. Organic pollutants in precipitation are of two categories: Weak organic 
acids and complex organic compounds. Carboxylic acids are a common constituent 
o f aerosols and raindrops (25, 30), Analyses of compositions of precipitation have 
indicated an anion deficit in ion balances based on major inorganic species in the rain 
water (31). This and other evidence suggested that weak organic acids contributed to 
free acidity. Formic and acetic acid were found in all aliquots which had been treated 
with a biocide. The biocide, such as chloroform, may have been added to prevent 
biological activity during sample storage.
Ion exclusion chromatography was used to identify organic acid anions in 
precipitation. From these organic acids, formate and acetate were found in virtually 
all samples which had been treated with chloroform. Citrate, propionate, glycolate 
and lactate ions were observed infrequently and always at very low concentration
(32). Likens et al. (33) frequently found citric, lactic, glycolic, formic, acetic, 
propionic, butyric and valeric acids in precipitation collected at two sites in the 
northeastern United States.
Complex organic compounds are detected in precipitation, but their process of 
formation is poorly understood (34). Many of these organic compounds are formed 
almost exclusively as a result o f human activity. They include industrial and other 
waste products, and also chemicals used in industry as solvents or intermediates in 
manufacturing processes such as aldehydes, ketones, aromatic and aliphatic 
hydrocarbons.
Biological systems are unable to adjust to such pollutants in the environment. 
This is of particular concern as some pollutants are toxic, or may in other ways 
interfere with physiological processes concerning abilities to reproduce or 
communicate in plants and animals. In Norway, more more than 45 organic 
compounds have been detected in precipitation (32). Some of these organic 
compounds detected are alkanes, polyaromatic hydrocarbons ( PAHs ), phthalic acid 
esters, fatty acid esters, pesticides and a diverse group of common industrial 
chemicals such as polychlorinated biphenyls ( PCBs), benzaldehyde, tri n-butyl 
phosphate and diphenylamine. These compounds are likely products of fossil fuel 
combustion introduced into atmosphere.
9. Metals in Rain Water
Fossil fuels especially coal, contain trace elements, some of which are 
vaporized during combustion. Activation analysis with thermal neutrons, followed 
by 5-spectrometry using Ge(Li) detector was applied for the determination of 42 
major,minor and trace elements (35). This study indicated a preferential volatilization 
of halogens, Hg, Se, As, and Sb during combustion. Emission of gaseous selenium 
from coal combustion is more than that from natural weathering (36). It is estimated
that about 99% of the lead in the atmosphere is of anthropogenic origin (37). There is 
an indirect relationship between metal contents in precipitation and the pH of rain 
water. Also metal concentrations are higher in precipitation near smelters and urban 
areas as compared to metal concentrations in remote areas away from sources of 
pollution (38). Although the major source of mercury in atmosphere is from natural 
sources, higher acidity in precipitation promotes scavenging of mercury from the air 
(39). In general, anthropogenic activities have increased the aerial transport and 
deposition of metals in precipitation and in turn into the aquatic environment.
10. Effect of Acid Precipitation on Terrestrial Ecosystems and Soil
Assessing the impact of acid precipitation on the terrestrial ecosystem is 
extremely difficult. However, such changes have been observed over a long period 
o f time in areas such as Europe and North America (2). There are several major 
theories about how air pollution damages trees (Figure 5). Like a number of other 
explanations, these theories involve a combination of factors; the weather, heavy rain 
in spring and fall, coupled with incidents of summer drought or unusually high 
temperature, adversely affect tree growth, as evidence by the pattern of tree rings. 
Trees are susceptible to be leached out of calcium, magnesium, and other essential 
nutrients from the soil by acidic rainfalls. This effect is more pronounced at higher 
altitudes where the soil tends to be thin.
Chemical species in the atmosphere reach plant surfaces through wet and dry 
deposition although sulfates, nitrates and other water soluble species may also be 
assimilated through plant leaves. It has generally been assumed that the free 
hydrogen ion concentration in acidic precipitation is the component most likely to 
cause direct, harmful effects. Figure 5, shows the effects o f different acidic 
pollutants on plants (40). Rain with low pH has caused injuries to leaf and forest 
growth (41). Also indirect effects from acid induced soil are important such as
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Figure 5. The pathways by which acidic pollutants damage trees (40).
leaching out essential plant nutrients from soils (42), mobilization of toxic metals 
such as aluminum (43), and inhibition of the action of decomposer microorganisms 
(44). Negatively charged humus in soil can attach themselves to positively charged 
cations such as sodium, potassium, calcium and magnesium which are plant 
nutrients. These essential nutrients are picked up by tree roots and are continuously 
replenished by decomposition of fallen foliage, tree litter and weathering of rocks. 
Soils with low cation exchange capacity cannot withstand displacement of positive 
nutrient ions and cations by hydrogen ion from acidic rain. In these soils hydrogen 
ion replaces essential nutrients and mobilizes them away from forest's soil and trees. 
Sulfate ions in the rain also play an adverse effect by accumulating in soil and 
carrying with them nutrients such as calcium and magnesium in the form of calcium 
sulfate and magnesium sulfate which are water soluble .
Bacterial decomposition essential for production of nutrients may also be 
slowed in acidic conditions. In the long term, acid deposition exhausts the soil from 
nutrients, reduces the soil's ability to sustain forest growth, and accelerates the aging 
of trees. Soils low in nitrogen, benefit in the short term from decomposition of nitric 
acid accumulated by acid deposition. Nitric acid is therefore regarded as less harmful 
than sulfuric acid to the terrestrial systems.
Mobilization of aluminum, normally bound safely in soil as aluminum silicates 
is a serious threat to life of the plants. Studies had indicated that plants exposed to 
aluminum ion mobilized by acid deposition in soil have shown slow growth, less 
ability to water uptake and nutrients, low resistance to high wind and disease, and 
damage to roots (45).
It is not clear whether forest damaged by acid rain can be saved. No natural 
process is known to replenish leached nutrients from forest soil. Preliminary 
Swedish experiments have found that liming, even though it is believed to help lakes 
from threat of acidification, impairs rather than promotes forest growth (46).
11. Effects on Crops and Vegetation
The effects of acid deposition on crops are not clearly known, but they are 
considered to be less serious than acid impacts on forest systems. Fertilizers and lime 
used on agricultural crops usually reduces the acid induced effects on soil. Simulated 
rain with pH of 3.6 or lower had shown an adverse effect on crop's surface structure, 
metabolism and reproductive processes (47). Soybeans, spinach and alfalfa were 
shown to be more susceptible to acid rain impact than other crops. However, some 
crops such as green pepper and onion, grow better in acid conditions (48).
The main damage to vegetation is to foliar which in turn leads to reduced 
productivity. The impact of acid rain on foliage increases when accumulated dry 
deposition dissolves in moisture left on plant tissue by dew, mist or fog.
Different studies have been directed toward quantification of the effects of acid 
deposition on crops, however, limitations in the design of many crop studies restrict 
the usefulness and applicability of the results. Some of these limitations are due to 
variations in the manner in which acid deposition affects crops such as the level of 
acidity, amount and intensity of rain, sulfur, nitrogen doses and concentration of 
other components in the rain. The response of these variables may be nonlinear and 
this does not allow conclusions to be made regarding the impact of acid deposition on 
crops (49).
The effects of pollutants on crop's yield may be defined by correlating yield 
with variations in pollutant dose. Acid precipitation , however, consists of a number 
of variables that may have an independent effect on crop's yield. For example, the 
sulfate (S0 4 "2 ) and nitrate (NO3 ')  concentrations, which are frequently correlated
with the hydrogen ion (H+) concentration of the rain, may be more important in 
affecting plant response than the pH of the rain (50).
For a complete analysis, it may be necessary to determine the effect of each 
individual ion ( as well as their combination ) so that all important ions are simulated
at levels found in polluted and unpolluted rain. Plant injury responses are a function 
of pollutant concentration and exposure time or quantity ( i.e., acidic rain dose = 
[(H+ * cm rain) + (SC>4 " 2  * cm) + (NC>3 “ * cm)]. Response to a given dose of
gaseous pollutant is frequently greater if deposited in shorter exposure time. When 
comparing experimental results, one must contrast concentration and duration of 
exposure in order to understand the response in terms of dose and rate. In the case of 
acidic rain, reporting the pH of applied precipitation is inadequate without total dose 
or deposition of important ions (i.e., kg/ha of SC>4 " 2  , NO3 '  , and H+ ), rate or
intensity (i.e., cm/h), duration and frequency.
In general because of lim itations in research design, difficulties in 
methodologies, and inconsistent results, it is impractical to directly arrive at 
conclusions regarding crop's response to acid rain without a thorough examination 
and comparison of experimental methods. A multivariable analysis is necessary in 
order to describe the correlation between acid deposition dose and crop response.
12. Effect on Materials and Buildings
Acid pollutants are known to cause corrosion of metals, erosion of building 
materials and fading of paint. Many historic structures have deteriorated more in the 
relative short span since the industrial revolution than in the preceding hundred years 
(40,47). Rain may accelerate corrosion by forming a layer of moisture on the metallic 
surface and by adding hydrogen and sulfate ions. Sulfuric acid is formed which can 
corrode the surface.
Sulfur dioxide reacts with calcium carbonate (CaC0 3 , limestone) and forms 
calcium sulfate (CaSC>4 ) crust which can be washed away with rain. Protective 
covering such as zinc, copper, and nickel can be corroded by sulfuric acid in acid 
precipitation.
Efforts to estimate pollution induced material damage is limited by difficulties of 
finding values o f impact and determining how acidic pollutants react with these 
materials under natural conditions and by how other corrosive pollutants, such as 
ozone, helps these processes.
13. Effects of Acid Deposition on Human Health
There has not yet been any proof of a causal link between acid deposition and 
its effect on human health (51). Even so, there are speculations that acid precipitation 
could affect human health through direct and indirect means.
a. Direct Health Effects :
Direct effect of acidic pollutants on human health is basically through inhalation 
of gaseous aerosols such as sulfates and nitrates. Breathing these gaseous acidic 
pollutants aggravates heart disease and preexisting respiratory conditions such as 
asthma and chronic bronchitis (52).
Even though circumstantial evidence is strong, proof of direct affect of gaseous 
aerosols on human health is limited because of the lack of techniques to gauge the 
effect o f exposure to pollutants . There have been reported episodes o f death 
resulting from high pollution in urban areas (killer pollution episode in London 1952, 
and Donora, Pennsylvania in 1948) (53). The small size of sulfate aerosols makes 
them easily accessible for lungs to absorb. Study of the effect of nitrate aerosols on 
human health have been much less extensive. However, some investigators have 
linked exposure to high levels of NOx with bronchitis and pneumonia (54).
b. Indirect Health Effects
Acid deposition may affect human health indirectly through two principal 
routes: bio-accumulation of toxic chemicals in human food and increased
contamination in drinking water . The detection o f increased levels o f trace 
contaminants in humans, originating from food and drinking water is complicated by 
variations in existing background body levels in the population. Still, the intake of 
trace substances through food, which is most likely the primary source, exhibits little 
change across the U.S because of an increasingly varied diet that originates from 
many different geographical areas, on the other hand, drinking water is obtained 
locally. Trace contaminants mobilized by acid deposition could be an important route 
o f human exposure (55). The major sources of drinking water are ground water and 
surface water; ground water has been affected by acid deposition in Sweden (56) and 
New York (57) and an adverse effect of acid rain on surface water has been reported 
in Scandinavia and North America (58). The corrosion potential of drinking water 
can be increased because of a decrease in pH brought about by acid deposition (59).
Acid precipitation may increase the concentration of toxic metals such as 
copper, lead, mercury, aluminum, zinc, or cadmium, and asbestos in drinking water 
and food. These metals can be leached from soil and sediments and washed into 
drinking water supplies. High concentrations of copper, zinc, cadmium and 
aluminum were reported in tap water analyses (60). Copper and lead can be leached 
from water distribution pipes and fittings. Research reports from the southwest coast 
of Sweden indicated that children have contracted diarrhea from high copper levels in 
drinking water (1). Ingestion of lead has been associated with damages to blood- 
forming organs, the nervous system, the kidney and the male reproductive system.
Another indirect health problem initiated from acid precipitation is the uptake of 
mercury by fish in acidified lakes. Fish that survived acidified waters can absorb 
mercuiy over the years and concentrate it in their tissues (61). Edible fish in some 
areas close to acidified lakes are declared unfit for human consumption because of a 
high mercury content. Mercury can directly affect the human nervous system (62).
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The consumption of mercury-contaminated fish in Minamata (1953-1961) and Niigata 
(1964-1965), Japan, resulted in serious nervous disorder and death (63).
In the past, aluminum has been considered relatively harmless to human health. 
It has recently become a health concern because of its increased mobilization in acid 
waters (51). Although aluminum is one of the most abundant elements in the earth's 
crust and is found in human biological media, it does not appear to be necessary for 
sustaining life. Study of animals exposed to aluminum under controlled conditions 
have demonstrated a relationship between certain neuropathological disorder and 
aluminum exposure (64,65). Recent evidence has been presented to support the 
speculation that there is a relationship between aluminum and both Alzheimer's 
disease and dialysis encephalopathy in humans (6 6 ). Increased levels of aluminum 
pose a health threat to those who depend on kidney dialysis (67).
The effect of drinking water quality on chronic disease has been studied by a 
number o f investigators since Kobayashi (6 8 ) showed a correlation between 
cerebrovascular mortality and the acidity of water supplies in Japan. Sharett and 
Feinleib (69) have summarized information presented by various investigators 
regarding the relationship of drinking water to cardiovascular disease and death. 
Other investigators (70) have contributed evidence supporting hypotheses that areas 
with hard water tend to have lower death rates and less cardiovascular disease than 
soft water areas. The lower heart disease and death rates could be caused by 
something beneficial in hard water or the higher heart disease rates could be caused 
by something detrimental in soft water. Soft water is generally more corrosive and 
should contain more metal contaminants from water piping, whereas hard water 
contains greater amounts of calcium and magnesium. In addition to the hard-vs-soft 
water hypothesis, the relationship of various traces and bulk elements in water to 
cardiovascular disease and death have also been considered by several of the 
investigators (20 ,71 ).
Although the scientific community is still far from fully understanding the 
relation of trace elements in drinking water to cardiovascular disease, it does appear 
likely that such a relation may exist: "the harder the water, the less cardiovascular 
disease". People drinking the more mineralized water have lower heart disease 
mortality. Ground water is more mineralized than surface water and the smaller 
metropolitan areas are more likely to use ground water because the yield will still meet 
their demand.
14. Measurement of Acidity
Detailed chemical analyses reveal that acidity (pH < 5.6) in precipitation is 
caused by the strong mineral acids, sulfuric and nitric. There is a large array of other 
proton sources in precipitation, weak acids and Bronsted-Lowry acids, however, 
although these other acids contribute to total acidity of precipitation, they have a 
minimal influence on the free acidity (ambient pH) of acid precipitation. Thus it is 
assumed that SO2  and NOx (NO and NO2 ) from the combustion of fossil fuels are
precursors of strong acids in precipitation (1-4).
The free acidity of a solution such as rain is determined by the activity of 
hydrogen ion present. Pure water, free of dissolved gases or solids, is to some 
extent dissociated into hydrogen and hydroxide ions:
H 20  H+ + OH- (15)
The concentrations of these ions are equal under equilibrium conditions, and the 
equilibrium constant, Kw, termed the "ionization constant", is 10' 14 at 25° C. The 
ionic concentrations at this temperature are thus equal to 1 0  "7 equivalent per liter.
Any substance which when added to water changes the hydrogen ion 
concentration, will accordingly change the pH. Carbon dioxide which is a natural 
constituent of the atmosphere, is such a substance. Because of the unbiquitous nature 
of carbon dioxide, pure rain water is commonly thought to have a pH of 5.65. If any
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additional acidic substances are added to rain, they will further lower the pH. Thus, 
rainfall with a pH lower than 5.65 is acidic. Conversely, the dissolution of alkaline 
material in rain water will increase the pH. These effects and the pH scale are 
illustrated in (Figure 6 ), (1).
15. Difficulties in pH Measurements
The pH and acidity of precipitation are difficult to measure accurately because of 
the low ionic strength of the samples. Use of measured pH to estimate hydrogen ion 
concentration may err as much as 50% if activity coefficient, junction and streaming 
potentials, and non-Nemstian behavior of the electrode system are ignored.
Operationally, electrodes are used to estimate the hydrogen ion activity in 
solution. The Nemst equation relates the potential as measured by each electrode to 
the pH of the solution (72). Combining the Nemst equation and pH= - log jq aH>
yields
PHX = pHs . (Ex - Es) F/ 2.3 RT (16)
where pHx = -logjoaHx> pHs = *logioaHs’ aHx *s *he activity of hydrogen ion 
in a test solution, aj-js is the activity of hydrogen ion in a standard solution, Ex is the 
potential measured with an electrode in a test solution, Es is the potential measured 
with an electrode in a standard solution, F is Faraday's constant, R is the gas 
constant, and T is absolute temperature.
Probably the most widely employed electrode for measuring pH is the glass 
electrode A line diagram of typical combination electrode can be written as follows:
Ag(s) | AgCl(s) | ci'(aq) II H+(aq, outside) || H+(aq,inside),Cl' (aq) | AgCl(s) | Ag(s) (17) 
Outer reference H+ outside H+ inside Inner reference
electrode glass electrode glass electrode
(analyte solution) electrode
T H E  p H  S C A L E
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Lake Ontario 
Human urine
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Ammonia
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Seawater
Human blood 
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Milk w 
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Figure 6. The pH ("potential hydrogen") scale is a measure of hydrogen ion 
concentration (1).
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Operational pH measurements with the glass electrode estimate the hydrogen ion 
activity apj. The hydrogen ion concentration, [H+], can be calculated from, [H] + = 
(aH / Oh ), where Oj j  is the hydrogen ion activity coefficient and is a function of ionic 
strength, I. For solutions where I<10‘3 M (typical of precipitation) is 
approximately 1, therefore, [H+] = ajj.
Additional potential may be produced and measured along with the potential 
generated by hydrogen ion concentration. In measuring operational pH, a liquid- 
liquid boundary at the salt bridge of the reference electrode creates a potential (liquid- 
junction potential) measured along with the potentials developed by the reference and 
test electrodes (72). The residual liquid-junction potential, Ej, represent the
difference between the junction potentials generated when the reference electrode is in 
a test solution or in a standard solution. Ej is a function of pH, temperature, and the 
difference in composition between the test and standard solutions. Ej can be reduced 
by diluting the ionic strength of the buffers, by using dilute solutions of strong acids 
as standards, or by increasing the ionic strength of the test solution by adding an inert 
salt such as KC1 (73).
Stirring or agitating the test solution while pH is being measured can produce a 
streaming potential, Esp> the magnitude of which is a function of the type of
electrodes used as well as of the ionic strength of the solutions. Stirring potentials can 
easily be eliminated by making all measurements on quiescent solutions.
Use of the operational definition of pH (Eq.19) assumes that the probe is 100% 
Nemstian, that is, a plot of pH vs. E has a slope of F. (2.3 RT)"1. However, most 
commercial glass electrodes in good condition have a slope that varies from 95 to 
102% of the theoretical value. The slope of an individual electrode can be corrected 
on many pH meters by using a high-low buffer calibration procedure. In addition, 
the temperature response of some electrodes may not be Nemstian and using a 
temperature compensator or manually correcting the meter for temperature difference
between buffers and the test solution may not be adequate. These uncertainties can be 
eliminated by equilibrating the buffers and test solutions to the same temperature and 
by determining the slope of the pH vs. E response of the electrode before each 
measurement.
All test and standard solutions should be kept at the same temperature. The 
electrodes should be used only for precipitation samples. The reference electrode 
should have a restrained flow ( fritted glass) junction, should be filled regularly with 
fresh solution, and should be open to the atmosphere to allow free flow at the 
junctions. The electrodes should be calibrated daily using a high and low buffer 
solution and rinsed copiously with distilled water. After the electrodes are placed in 
the solution, the solution should be thoroughly agitated, then allowed to come to rest. 
Only after the meter reading is stable for 30 s should the potential of the electrode be 
recorded. Using all these procedures the error involved in pH measurement is 
reduced to ± 0.01 pH unit.
EXPERIMENTAL
Wet-precipitation-only samplers were used to collect rainfalls in the vicinity of 
Louisiana State University, during the period of June 1981-October 1986. Samples 
were subjected to appropriate chemical analyses for the purpose of characterization of 
general composition, conductance and acidity. A sampling network of 3 sites, which 
covered 8  km^, was established in June 1981 and these were operational until 
October 1986 (Figure 7). Because of the temperate Louisiana climate all wet 
deposition occurred as rain, (no snow deposition was collected) Temporal trends of 
pH and conductivity were measured at the Baton Rouge precipitation study sites. 
Concentrations.of the major anions (SC>4 ' 2 , NO3 ' ,  C1‘) and major cations (Na+,
NH 4 +, K+> M g+2, Ca+2) were determined. Rapid transfer of the samples to the 
analytical laboratory at the University was essential. All samples were collected
within 12 hours after a storm ended. At the sites where bulk deposition was 
sampled, the collectors were installed for a maximum of 1 2  hours before an event 
began. If a storm did not begin within 24 hours after a collector was installed, it was 
removed and replaced by a clean collector. In this way, the amount of dry deposition 
in the bulk samples was minimized. If enough volume of rain was collected, what 
remained of the sample was divided into two 250 ml aliquots. One aliquot was 
treated with chloroform to prevent biological activity during sample storage. The 
other aliquot was used for instant analysis. The samples were refrigerated at 4 ° C in 
the dark for further analysis.
1. APPARATUS
a. Sample Collectors
Many networks for precipitation chemistry are presently in operation with many 
different techniques and types of collectors being used. Among the problems 
encountered are the influence of the wind, influence of the surrounding topography 
and contamination.The automatic collectors are most commonly used for rain water 
sample collection (74).
Two different types of precipitation collectors were used in this study:
1- Geotech model 0650 automatic precipitation collector was used at site A with 
reliable electricity (Figure 8 ). This sampler consists of two high density polyethylene 
buckets for dry and wet precipitation collection. An electric sensor on this sampler 
can automatically move mechanical arms with attached loop and vapor barrier back 
and forth between dry and wet collector buckets. This is done to minimize 
evaporation from samples. This collector automatically uncovers the wet bucket at 
the inception of precipitation by electric sensor and covers it within one hour of 
cessation of the event. Dry deposition is effectively excluded in this manner. The
buckets used with the automatic sampler had an opening of ~ 700 cm3 and a volume 
of 17 liters.
2- The second type of collector was used at site B and C (Figure 7), where 
electricity was not easily accessible. These manual collectors were simple Global 
bucket type collectors consisting of a funnel of = 30 cm in diameter placed over a 10 
liter high density polyethylene bucket.
All plastic-ware used to collect precipitation was scrupulously washed at the 
laboratory using a series of acid and deionized water rinses. The cleanliness of the 
plastic-ware was insured by individually checking the conductivity of the final rinse 
distilled deionized water from each piece. Conductivity of distilled deionized water 
used to rinse the plastic and glassware was constant (1 .7  |iS/cm ) during the course 
o f this study.
b. pH Meter
Measurements of sample pH were made without stirring using a Beckman 
combination pH electrode #39820 and a Beckman Chem-Mate pH meter. The results 
were also checked against a Coming 130 pH meter equipped with a Coming #476024 
glass electrode. Standardizations were made with high and low Fisher pH (4.00 and 
7.00) buffers.
c. Conductivity Meter
A Fisher model 152 conductivity meter with a nominal cell constant of 0.1 cnr* 
was utilized in determination of sample conductivity. The conductivity bridge of the 
cell was standardized periodically by 0.01 M KC1 solution and using the procedure 
outlined in the standard methods (75). Reproducibility of measurements was within 
± 0.2 |iS/cm.
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Figure 7. Precipitation sampling sites.
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Figure 8. Collector used for event monitoring of wet and dry atmospheric 
precipitation (74).
REASON FOR THIS STUDY
Geochemical cycles of many elements have important atmospheric pathways. 
Various contaminants are emitted into the atmosphere by human activities and enter 
these natural cycles; wet precipitation and dry fallout return these contaminants to 
earth where they can affect biologic processes in aquatic and terrestrial ecosystems 
valuable to man. Since precipitation is instrumental in cleaning the atmosphere of 
natural and artificial contaminants, the study of precipitation chemistry is a convenient 
method for monitoring atmospheric contamination.
Louisiana is a state which depends heavily on agricultural products and seafood 
as source of food and revenue. Also, Louisiana with a large number o f bayous, 
lakes, and natural habitats is an ideal place for fishing and hunting. There is a great 
body of evidence indicating that precipitation is acidic in many parts o f Europe,as 
well as northeastern and southwestern United States. Many investigators have 
reported research results suggesting deleterious effects of acid rain on aquatic life, 
agricultural crops, forests, buildings and even human health (1-3, 20). Since 
comprehensive data on the chemical nature and composition of rainfall in Louisiana 
are scarce, the intent of this investigation was to characterize the acidity, chemical 
composition and possible seasonal changes in Baton Rouge's rain water. To 
accomplish this a number of experimental procedures were utilized. Rain water 
samples were collected from different sampling sites in Baton Rouge area over the 
course of June 1981- October 1986 . These samples were analyzed for a number of 
pertinent water quality parameters such as pH and conductivity. Also, qualitative 
and quantitative studies were conducted for different species in rain water. The goal 
of this study was to gain better understanding of the nature of precipitation in 
Louisiana and provide reliable data that may be beneficial for future investigators 
interested in examining the effect of precipitation on aquatic life and agricultural 
products in Louisiana over an extended period of time.
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RESULTS AND DISCUSSION
1. Temporal Study of Acidity of Rain Water in Baton Rouge
Only rain and no snow deposition was collected. Measurement of pH of the 
rainfall in Baton Rouge has shown acidic characteristic with a wide range of pH. The 
lowest volume-weighted average pH was 3.3 ( 501 peq I"* [H+] ), which was 
measures during a single rain storm ( August 16, 1982 ), the highest value was pH= 
6.1 ( 0.8 |ieq I-1 [ H +] ) ( December 16, 1985), which is above geochemical 
neutrality. In similar studies pH values higher than 5.2 are excluded from 
calculations due to suspected contaminations (76). In this study precipitation with 
higher values than geochemical neutrality are included in treatment of data due to the 
fact that reaction of atmospheric cloud water with ammonia in cloud water result in 
partial neutralization, which reduces the acidity of rainfall that ultimately reaches the 
ground. The volume weighted mean pH of rain was 4.56 for the period of study 
which is at least 1 0  times greater than expected from dissolved carbon dioxide in rain.
The volume-weighted mean pH of summer rain is about 0.3 - 0.4 unit lower 
than that of winter rain. Brezonic et al., (77) reported a 0.2 to 0.3 mean pH unit 
difference between summer and winter rain in Florida.
The data obtained indicated that rain associated with thermal cumulonimbus tend 
to be more acidic, but rain associated with active cold fronts are less acid. In some 
rain sample conductivity o f precipitation was extremely low and approached the 
conductivity o f deionized water in equilibrium with atmospheric CO2 , that is, 
(1.0 (i Siemen/cm). Rainfalls with low pH values were collected during short 
thunderstorms and light rain.
Acid precipitation measurements are well-documented issue in Europe (78) and 
northeastern United States (79) and its progress southward and westward in recent
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years has been demonstrated (80). However, data are sparse on the geographical and 
seasonal variations in rainfall acidity outside of the northern United States. Recent 
studies reported an increase in acidity of rainfall in Florida in the past 25 years (77). 
Information about the chemistry of precipitation in the northeast United States has 
accumulated in recent years to the point where it is now possible to look for trends or 
patterns of acidity. Cogbill and Likens (79) found a trend of increased rainfall acidity 
in the northeastern United States. Since measured pH or acidity values were not 
available, pH values were calculated from reported cation and anion data by assuming 
a charge balance and equilibrium of the carbonate species with the atmospheric partial 
pressure of carbon dioxide. The spread and intensification of acid precipitation in the 
northeast were attributed to industrial growth downwind to the Midwest. Lack of 
previous data prevents a temporal, seasonal comparison of acidity of rainfall in Baton 
Rouge area, but recent reports indicate an increase in acidity of precipitation in other 
Southern states in a comparatively short span (76).
If we assume that the chemistry and acidity of precipitation are the result of in­
cloud scavenging and of washout, some reasons for expecting seasonal patterns are 
obvious. For example, the origins and tracks of major acidity. Storms often differ 
by seasons. In turn, the source of chemicals and amount of them that occur in 
precipitation may be expected to vary with season.
Results from temporal studies o f precipitation in Baton Rouge are shown in 
Figures 9-16. Volume-Weighted average pH per month for the course of the study 
(1981-1986) are presented by Figures 9-14. Total volume-weighted average pH of 
rainfall in Baton Rouge from January 1982 to December 1985 is depicted in Figure 
15 and Figure 16 demonstrates a comparative overlay plot o f average pH of 
precipitation from 1982 to 1985. The temporal pH of rainfall in Baton Rouge 
indicates that there is a seasonal variation in acidity of precipitation, namely rain water 
is more acidic in the summer than winter. The seasonal changes in acidity of the
rainfall in Baton Rouge is not an indication of the temporal variation in the 
atmospheric pollution in these areas but, there is a strong possibility that the gas- 
phase photochemical reactions or liquid-phase heterogeneous reactions, which are 
responsible for transformation of the atmospheric pollutants to their acid (HC1) or salt 
(NaCl) forms, favors the acid forming reaction conditions in the summer. On the 
other hand, the reaction condition in winter is such that cations such as (Na+> NH4 +> 
K+> Ca+2, Mg+2, etc.) rather than hydrogen present in the atmospheric clouds, will 
react with anionic pollutants in the clouds droplets (S0 4 "2 , NO3 ',  Cl", HCOO"> etc.) 
to form their respective salts rather than acids. This intense competition of cations to 
react with these anions in the winter reduces the chance for hydrogen ion (H+) to take 
the negative sites of the anionic pollutants and this in turn leads to a reduction in the 
acidity o f the rainfall in the winter compared to the more acidic summer 
precipitation.seasonal concentration of anionic and cationic chemicals present in 
precipitation are measured using ion chromatography and they will be reported in a 
later part of the dissertation. This trend of higher acidity of rainfall in summer as 
compared to winter may reflect seasonally higher rates of power generation in 
Louisiana during summer. Alternatively, the lower pH in summer may reflect 
differences in the efficiency of scavenging by summer convective showers as 
compared to winter frontal events. Because about 45 percent of the annual rainfall 
occurs during the summer month, the seasonal differences in the deposition of H + 
are even more pronounced than the concentration differences.
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Figure 9. V olum e-weighted average pH  o f  precipitation 1981.
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Figure 10. Volume-weighted average pH of precipitation 1982.
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Figure 11. V olum e-weighted average pH  o f precipitation 1983.
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Figure 12. Volume-weighted average pH of precipitation 1984.
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Figure 13. Volum e-weighted average pH  o f  precipitation 1985.
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Figure 14. Volume-weighted average pH of precipitation 1986.
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Figure 15. Volume-weighted average pH o f precipitation 1982-1985.
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Figure 16. Comparison of volume-weighted average pH of precipitation 1982-1985.
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2. Sample pH Distribution of Rain Water in Baton Rouge
Study of sample pH distribution of precipitation in a region is an excellent 
means by which the number of events (frequency) of rainfalls within specific range of 
pH could be obtained. Sample pH distributions of Baton Rouge rainfalls during the 
course of our study are shown in Figures 17-23. Figures 17 to 22 demonstrates 
annual frequency of different pH ranges for 1981 to 1986 and Figure 23 shows the 
total frequency of the same pH ranges for entire sampling period. In these Figures, 
the x axis is assigned to pH ranges as follows: (a) less than 4.00, (b) 4.00-4.30, (c) 
4.31-4.60, (d) 4.61-4.90, (e) 4.91-5.20, (f) 5.21-5.30, (g) 5.31-5.50, (h) greater 
than 5.5 and the y axis is assigned to related number of events or frequency values. 
As the data indicates Baton Rouge rainfall falls within a wide range of pH and about 
50% of precipitations are within range of 4.0-5.0, which in comparison to normal 
pH of the rainfall (5.65) is considered to be acidic. Baton Rouge precipitation has a 
wide range of acidity ( 3.3-6.1), but pH of majority of precipitation falls within range 
of 4 to 5.2.
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Figure 17. Annual Sample pH Distribution June-December 1981. 
The pH ranges are as follows: (a) less than 4.0, (b) 4.0-4.3, (c) 4.31-4.60,
(d) 4.61-4.90, (e) 4.91-5.20, (f) 5.21-5.30, (g) 5.31-5.50, (h) greater than 5.50.
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Figure 18. Annual Sample pH Distribution 1982.
The pH ranges are as follows: (a) less than 4.0, (b) 4.0-4.3, (c) 4.31-4.60,
(d) 4.61-4.90, (e) 4.91-5.20,(f) 5.21-5.30, (g) 5.31-5.50, (h) greater than 5.50.
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Figurel9. Annual Sample pH Distribution 1983.
The pH ranges are as follows: (a) less than 4.0, (b) 4.0-4.30, (c) 4.31-4.60,
(d) 4.61-4.90, (e) 4.91-5.20, (f) 5.21-5.30, (g) 5.31-5.50, (h) greater than 5.50.
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Figure 20. Annual Sample pH Distribution 1984.
The pH ranges are as follows: (a) less than 4.0, (b) 4.0-4.30, (c) 4.31-4.60,
(d) 4.61-4.90, (e) 4.91-5.20, (0  5.21-5.30, (g) 5.31-5.50, (h) greater than 5.50.
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Figure 21. Annual Sample pH Distribution 1985.
The PH ranges are as follows: (a) less than 4.0, (b) 4.0-4.30, (c) 4.31-4.60, 
(d) 4.61-4.90, (e) 4.91-5.20, (f) 5.21-5.30, (g) 5.31-5.50, (h) greater than 5.50.
ov©
30
20
10
f 9a b c  d e  
pH Range
Figure 22. Sample pH Distribution January-October 1986.
The pH ranges are as follows: (a) less than 4.0, (b) 4.0-4.30, (c) 4.31-4.60,
(d) 4.61-4.90, (e) 4.91-5.20, (f) 5.21-5.30, (g) 5.31-5.50, (h) greater than 5.50.
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Figure 23. Sample pH Distribution June 1981- October 1986.
The pH ranges are as follows: (a) less than 4.0, (b) 4.0-4.3, (c) 4.31-4.60,
(d) 4.61-4.90, (e) 4.91-5.20, (f) 5.21-5.30, (g) 5.31-5.50, (h) greater than 5.50.
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3. Precipitation Water Equivalent in Baton Rouge
In order to assess the impact of precipitation on the environment, it is not only 
important to know the composition of pollutants present in precipitation but also it is 
significant to recognize the amount of precipitation in these regions. It is clear that in 
areas with a high degree of rainfall the adverse effect of polluted rain on the aquatic 
and terrestrial environment will be more than those regions with a lower amount of 
precipitation. Precipitation water equivalent of Baton Rouge rainfall is presented by 
Figures 24-31. Figures 24-29 indicate the annual monthly average precipitation water 
equivalent in Baton Rouge for 1981-1986. Figure 30 shows total monthly average 
precipitation water equivalent in the same area from June 1981 to October 1986 and 
Figure 31 depicts an overlay plot of annual monthly average of precipitation water 
equivalent in Baton Rouge (1982-1985 ) for comparison. As the precipitation water 
equivalent data for Baton Rouge rainfall indicates, there are no obvious seasonal 
variations for amount o f precipitation in this area. This in turn, leads to 
understanding that there is no specific period for the area with a higher possibility of 
rainfall than the others. The other important result from these data is the fact that 
rainfall has occurred in the area under investigation in every month during the course 
o f study. This makes Baton Rouge an area with a high degree of precipitation water 
equivalent and therefore more susceptible to damages by polluted, acidic rain 
especially if the concentrations of these pollutants are high.
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Figure 24 . Baton Rouge Precipitation Water Equivalent (inch) 1981.
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Figure 25 . Baton Rouge Precipitation Water Equivalent (inch) 1982.
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Figure 26 . Baton Rouge Precipitation Water Equivalent 1983.
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Figure 27. Baton Rouge Precipitation Water Equivalent (inch) 1984.
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Figure 28. Baton Rouge Precipitation Water Equivalent (inch) 1985.
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Figure 29. Baton Rouge Precipitation Water Equivalent (inch) 1986.
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Figure 30. Baton Rouge Total Precipitation Water Equivalent (inch) 1981- 1986.
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Figure 31 .C om parison  o f  Baton Rouge Precipitation W ater Equivalent (inch), 1982-1985.
4. Monthly and Annual Number of Rain Events
Assessment of the impact o f precipitation on the environment is not only 
dependent on the acidity and seasonal precipitation water equivalent, but also on the 
monthly or annual number o f precipitation events. Figure 32 shows monthly 
comparison of precipitation events during the period of 1981 - 1986. As indicated by 
Figure 32, about 40 percent of the annual rainfalls occur during the Summer season 
(June, July and August). Therefore the seasonal differences in the deposition of H + 
are even more pronounced than the concentration differences. During the course of 
this study the lowest number of rain events occurred in October 1983, the highest 
number occurred in June 1983. Sum of the number of monthly rain events for the 
period of 1981-1986 is depicted in Figure 33. As is shown, the sum of the number 
of rain events is highest in June, July and August (Summer season) than the rest of 
the months of the year. The lowest sum of monthly precipitation occurred during the 
month of March. Total annual number of rain events for the period of 1981-1986 is 
shown in Figure 34 . The highest number o f annual rain events occurred during 
1982 and the lowest in 1981. In general there in not a large difference between total 
annual number of rain events for the period this study. Precipitation in trace levels 
have been excluded from the calculations. The important conclusion deduced from 
the above data is that in every month of the year some form of rain events has 
occurred and this result along with relatively acidic rainfalls and high degree of 
precipitation water equivalent in Baton Rouge area could be an indication of long 
range adverse effects of acid precipitation on aquatic and agricultural environment
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Figure 3 3 . Sum  o f  num ber o f  rain events for specific month during the period 1981-1986. 
Precipiadoin in trace levels have been excluded from  calculadons.
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Figure 34 . Number of annual precipitation events during the period 1981-1986. 
Precipitation in trace levels have been excluded from  calculations.
5. Correlation of pH of Precipitation with Wind Direction
Once the SOx and NOx compounds are released into the atmosphere, two 
factors determine their geographic impact. First is their residence time which is the 
amount of time before the compounds either descend to the earth as dry deposition or 
react with moisture in the air to form acids or other chemical components. Second is 
the distance these pollutants can travel in that time. The residence time of sulfates and 
nitrates is generally up to about four days, although they may remain afloat longer. 
Their movement depends primarily on wind speed and direction. Under certain 
conditions these pollutants can stay afloat long enough to cross continents, oceans, 
and international boundaries, creating a situation in which the acid rain in one country 
is caused by the emissions of another, but the recipient of this damaging rain receives 
little or no benefit from the source initiating the pollution. Such is the case from long- 
range transport of sulfur dioxide and inorganic nitrogen compounds from the U.K. 
and Central Europe to Scandinavia and from U. S. to Canada (40). The spread and 
intensification of acid precipitation in the northeast United States were attributed to 
industrial growth downwind to the Midwest (81).
A major factor in the pattern of deposition is that prevailing winds in those areas 
flow from southwest to northeast. This makes the upper Midwestern states highly 
suspect as contributors to the acid rain problems in the northeastern United States and 
Canada (5). In heavily polluted areas, with many high emission sources, pollutant 
deposition is correspondingly high and independent of wind direction because, air 
masses traveling over this region, from whatever direction, reach some sort of 
saturation and the pollutants are being deposited out of the atmosphere as fast as they 
are being accumulated. On the other hand, in regions outside polluted areas 
deposition is highly dependant on wind direction.
Research reports indicate that there is a strong relationship between the effect of 
meteorological conditions such as wind direction, wind speed, temperature, type of 
precipitation, rate of precipitation and the amount of chemical wet deposition (82).
In order to have a better understanding of the source of pollution giving rise to 
Baton Rouge's acidic precipitation, the possibility of a relationship between the 
monthly average pH of precipitation and wind direction was investigated from July 
1981 to June 1983. For purposes o f clarity, only north, south, east and west 
directions (Figure 35) are considered. The results are depicted in Figures 36 and 37, 
which shows no indication of any correlation between average pH and any specific 
local wind directions. Therefore, the acidic pollutants in Baton Rouge rain water are 
either transported from different regions with no specific susceptible directions or 
they might be from local sources.
6. Conductivity of Precipitation
a. Conductivity Measurements
Conductance measurements were among the first to be used for determining 
solubility products, dissociation constants, and other properties of electrolyte 
solutions. Conduction of electricity through an electrolyte solution involves 
migration of positively charged species toward the cathode and negatively charged 
ones toward the anode. All ions contribute to the conduction process, but the fraction 
of current carried by any given species is determined by its relative concentration and 
its inherent mobility in the medium.
The application of direct conductance measurements to analysis is limited because 
of the nonselective nature o f this property. This non-specificity restricts the 
quantitative analytical use o f this technique to situations where only a single 
electrolyte is present or where the total ionic species needs to be ascertained. The 
principal uses of direct measurements have been confined to the analysis of binary
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Figure 35. Polar coordinate used to assign wind directions.
For purpose of clarity, only North, South, East, and West directions are considered.
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water / electrolyte mixtures and to the determination of total electrolyte concentration. 
The latter measurement is particularly useful as a criterion of purity for distilled water 
(83).
The conductance of a solution is the reciprocal of the electrical resistance, and is 
expressed in reciprocal ohms (mhos), or Siemens. The standard unit of conductance 
is specific conductance k, which is defined as the reciprocal of the resistance in ohms 
of a 1 cm cube of liquid at a specified temperature. The units of specific conductance 
are the reciprocal ohm cm (or mho cm _1). The observed conductance of a solution 
depends inversely on the distance (d) between the electrodes and directly upon their 
area (A).
G =1/R = k A/d (18)
The electrical conductance of a solution is a summation of contributions from all 
the ions present. It depends upon the number of ions per unit volume of the solution 
and upon the velocities with which these ions move under the influence of the applied 
electromotive force. As a solution of an electrolyte is diluted, the specific 
conductance (k) will decrease. Rain water is considered to be a dilute solution of 
electrolyte.
A plot of specific conductance of the rain collected during individual rain event 
vs. the amount of rain in the event Figure 38 shows that light showers yielded much 
higher values of conductance than did larger storms. Although the data exhibit 
considerable scatter, rains that deposited more than 2.5 cm (1 in.) of precipitation 
generally had conductivity values less than 20 pS/cm.
Solute levels in rainfalls generally decrease with time within a given rainfall 
event (84). The first part of a storm scavenges contaminants from the air in an initial 
"washout" process. Subsequent rainfall passes through a relatively clean atmosphere 
and thus has a lower ionic content. There are speculations that the correlation 
between the rate of precipitation and concentration of ionic species deposited are
higher at slower precipitation rates. This might be due to the fact that smaller, 
longer-lived drops with larger surface to volume ratio associated with slower (lighter) 
rain are more effective in scavenging materials from the polluted atmosphere. With 
constant initial concentration of trace species in rain, calculations show that ion 
concentrations in rain water increase as the rate of rain decreases and that in a steady 
rainfall the concentration of scavenged ions decreases as the concentration of the 
gaseous precursors decrease (24).
Figure 39 shows average monthly specific conductance of rain collected from 
three different sites in the vicinity of Louisiana State University, Baton Rouge during 
the period of July 1985 to October 1986. This data are not comprehensive enough to 
conclude a sound judgement regarding a stringent seasonal variations in the specific 
conductance of precipitation, but results from Figure 39 indicates that average 
conductivity of precipitation is higher in summer than winter. This might be due to 
convective showers of summer which are more efficient at scavenging sulfates and 
nitrates than are winter frontal storms. Also, it is noted that about 40 to 45 percent of 
precipitation falls during summer months and summer rains are lighter than winter 
precipitation and more efficient at scavenging the ionic pollutants in the atmosphere. 
Another factor responsible for higher precipitation conductivity o f summer 
precipitation is higher concentration of hydrogen ion (lower pH) associated with 
summer rainfall. The electrical conductance of a solution is a summation of 
contributions from all the ions present. It depends upon the number of ions per unit 
volume of the solution and upon the velocities with which these ions move under the 
influence of the applied electromotive force. As a solution of an electrolyte is diluted, 
the specific conductance (k ) will decrease. In order to express the ability of 
individual ions to conduct, a function called the equivalent conductance is employed. 
At infinite dilution the ions theoretically are independent of each other and each ion 
contributes its part to the total conductance, thus:
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Goo = X ( g + )  + Z ( g - )  (19)
where g+ and 8 - are the ionic conductances of cations and anions, respectively.
It has been reported that the concentration of certain cations such as Na +, K +, 
Ca + 2  and Mg +2  are higher in winter rainfall (84). Even though the concentration of 
major cations other than (H +) are higher in winter and with assumption of rainfall as 
an infinite dilute solution, higher conductivity of summer rain is expected. This is 
due to a much larger value o f equivalent ionic conductance for hydrogen ion 
associated with more acidic summer rainfalls as compared with lower equivalent ionic 
conductance of other cations in less acidic winter precipitations.
Study of correlation between average weighted monthly conductivity of 
precipitation and major anions and cations are depicted in Figures 40-43 and Table II. 
As is shown, the correlation is high between average weighted monthly conductivity 
of precipitation and H + and SO4 ' 2. The correlation is moderate for NO3 * and 
comparatively low for Na +. Results of Table II indicate low correlation between 
Cl ’, NH4  +, K +, Ca + 2  and Mg +2. The general conclusion is that from major 
cations and anions, H +, SO4 ‘2, NO3 - and Na + contribute more to the conductivity 
as compared with other major and minor ions present in precipitation.
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Count = 24, Correlation = 0.708, Covariance = 101.588, R-squared = 0.501.
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Count = 24, Correlation = 0.763, Covariance = 83.182, R-squared = 0.582.
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Figure 42. Mean monthly correlation for NO3 - Conductivity, October 1984 - September 
1986.
Count = 24, Correlation = 0.582, Covariance = 37.533, R-squared = 0.338.
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Figure 43. Mean monthly correlation for Na - Conductivity, October 1984 - September 
1986.
Count = 24, Correlation = 0.435, Covariance = 64.92, R-squared = 0.19.
TABLE n
Ion Count Correlation Covariance R-Squared
c i - 24 0.072 8.494 5.184E-3
N H 4 + 24 0.141 8.457 0 . 0 2
K + 24 -0.118 - 1.792 0.014
C a +2 24 0.144 6.386 0 .0 2 1
M g + 2 24 -0 .32 - 10.991 0 . 1 0 2
Table II. Mean monthly correlation for ( C l N H 4  +, K +. Ca +2, and 
Mg +2) - Conductivity, October 1984 - September 1986.
ION CHROMATOGRAPHIC ANALYSTS OF PRECIPITATION
1. Introduction
Introduced in 1975, Ion Chromatography is a relatively new technique for 
analysis o f various anions and cations, and is a significant addition to the ever- 
expanding field of chromatographic analysis. The originators, Hamish Small and co­
workers of Dow Chemical, received the 1977 Applied Analytical Chemistry Award 
for its development.
Since its introduction, ion chromatography has seen phenomenal growth in 
most areas of analytical chemistry and has become a versatile and powerful technique 
for the analysis of a vast number of ions present in the environment or in biological 
tissues and fluids (85).
Ion chromatography is a combination of the successful methodologies of ion 
exchange, liquid chromatography and conductivity detection made feasible with the 
addition of eluant suppression. The process of ion exchange was known to provide 
excellent separation of ions by 1850; chromatographic separation of ions by ion 
exchange evolved in the early 1940's when ion exchange resins became commercially 
available.
This is a powerful method for separation of inorganic and some organic ions 
through their relative affinities for an ion exchange resin and enables the separation of 
many ionic species from a large variety of complex mixtures. Primarily because of 
the lack of a universal detector, however, ion exchange has never reached its full 
potential as an analytical tool.
The three most common detection methods that have been attempted with ion 
exchange chromatography are photometry, refractive index, and conductivity. 
Photometric analysis is limited to ions which absorb light, either individually or as a 
complex with another compound. The most common disadvantage of photometric
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methods, however, is that not all ionic species absorb light to a measurable amount or 
can changed into or made to complex with molecules that do.
Refractive index methods are either not quite sensitive enough or do not show 
sufficiently large differences between the refractive index of the sample ions and 
eluant ions to be useful in analysis.
Conductivity detection is the most widely preferred method because 
conductivity is a simple function of concentration and can be considered nearly linear 
at low concentrations. Because of the method's sensitivity and universal response to 
ionic species, conductivity detection with ion exchange was often attempted. These 
attempts met with limited success, however, because of the large background 
conductance produced by the eluant used to elute ions of interest from the 
chromatographic column. Successful combination of ion exchange separation and 
conductivity detection required a method to remove background ions.
Introduction of the unique technique of eluant suppression in 1975 enabled the 
coupling of conductivity detection with the powerful resolution of ion exchange 
chromatography. Eluant suppression, is the removal or suppression of unwanted 
eluant ions from the eluant stream by means of a second ion exchange column 
"suppressor column" downstream from the analytical column, the resins in the 
second column suppress the conductivity of the eluant while leaving the ions of the 
sample unaffected for entry into the conductivity cell.
Widespread success of ion chromatography is basically due to the following 
reasons:
a. Sensitivity: detection limits at part per billion level.
b. Multi-ion analysis per sample.
c. Separation of most interfering species that limit the accuracy of other 
analytical methods.
d. Direct analysis of species that in the past required laborious sample 
preparation for separation and detection.
e. Conductivity detector is nondestructive and different components can be 
collected for further identification by another analytical technique.
f. Ability to perform on-line analysis (93).
2. Principle of Ion Chromatography
The principles of both anion and cation analysis are shown schematically in 
Figures 44 and 45. In each case, the instrumentation involves a sample injection 
valve, a pumping system for both eluant and suppressor column regeneration, an ion 
exchange separator column, and a conductivity detector (8 6 ).
To better illustrate the suppression of background ions in the eluant consider the 
ion chromatographic analysis of the anions sulfate and nitrate in an aqueous eluant of 
sodium bicarbonate. If there were no suppressor column, the conductance of the 
sodium bicarbonate would be so high that it would mask the smaller concentration of 
individual nitrate and sulfate ions during entry into the conductivity cell.
The suppressor column is packed with a cation exchange resin of hydrogen. As 
the aqueous sodium bicarbonate passes through the suppressor column, the sodium 
ions of the eluant are exchanged with H+ ions of the suppressor resin converting the 
bicarbonate ions to carbonic acid. Carbonic acid is a very weak acid with much lower 
conductivity than the original aqueous sodium bicarbonate eluant. Hence the term 
eluant suppression is used in this process.
Following separation in the analytical column, sulfate and nitrate are also 
converted to their respective acids. The ions of sulfate and nitrate enter the 
conductivity detector as sulfuric acid and nitric acid in a weak solution of carbonic 
acid, making it possible to assay for these ions. Before the advent o f eluant
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suppression, these types of assays would have been difficult or even impossible to 
accomplish.
The suppressor column reactions for sulfate and nitrate anions with an aqueous 
bicarbonate eluant are as follows:
Na+HC0 3 '  + RESIN-SQ3 -H+ = RESJN-SC>3 "Na+ + H2 CO3  (2 0 )
N a2S04 + 2 RESIN-SO3 -H+ = 2 RESIN-S0 3 -N a++ H2 SO4  (2 1 )
N aN03 + RESIN-SO3 -H+ = RESIN-S0 3 -Na+ + HNO3  (22)
For cations, consider the analysis of NH4 + in an aqueous eluant of HC1. In 
this case, HC1 is converted to H 2 O and NH4 + is converted to its strongly conductive 
basic form (NH4 OH) that now enters the detector in a background of H2 O rather than 
HC1, as shown in the following equations:
HC1 + RESIN-N+OH- = RESIN-N+C1’ + H2 O (23)
NH4 +CI- + RESIN-N+OH- = RESIN-N+C1- + NH4 +OH- (24)
Since the suppressor column accumulates the ions that it removes from the 
eluant stream, it must be regenerated periodically for reuse. The suppressor column 
capacity allows a large number of samples to be separated and analyzed before 
regeneration is necessary. Regeneration for anion analyses simply involves pumping 
dilute acid through the suppressor column, followed by a water rinse in the opposite 
direction of the normal flow.
For anion analysis, the analytical or separator column contains a strong anion 
exchange resin, while the suppressor column contains a strong cation exchange resin 
in the hydrogen form, Dowex 50W X 8  H+. For cation analysis, the analytical
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column contains a strong cation exchange resin; the suppressor column contains a 
strong anion exchange resin in the hydroxide form, Dowex 1 X 8  OH'.
Depending on the dissociation of the species, ion chromatographic linear 
response ranges from 0.01 |ig/ml to 100 pg/ml. Strong acids and bases that are 
highly dissociated or ionized (pKa and pKb values of less than 7) are easily assayed 
by this method. Weak acids and bases (pKa and pKfc values o f more than 7) lack 
sufficient ionic character to be measured with the conductivity detector.
3. Packed Hollow Fiber Suppressor for Ion Chromatography
One of the problems with early ion chromatography was the tendency of 
detectors to sense all conducting materials, including those deriving from the eluant 
electrolyte. Placing a suppressor column between the separation column and the 
detector significantly increased detection sensitivity and baseline stability.
The suppressor column is filled with an ion exchange resin that suppressed the 
conductivity of the specially selected eluant electrolyte and increased the conductivity 
of most sample ions by converting them to the corresponding acidic or basic moiety. 
This double-acting effect of the suppressor column is at the heart of the original ion 
chromatography technique. But, for all its benefits, the use of a suppressor column 
did cause some problems.
Since the suppressor column is filled with an ion exchange resin, the column 
becomes less and less effective with continuous use. The resin must be regenerated 
or replaced regularly. For this reason, complicated regeneration systems were built 
into early ion chromatographic equipments. These systems include regeneration 
pumps, controllers, and associated valving. To regenerate a suppressor column, the 
user had to interrupt work in order to regenerate the column. This requirement led to 
much anticipation and guess work as the end of lifetime of the suppressor column 
approached. The suppressor column also interfered with the determination of some
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ions and the large dead volume of the suppressor caused significant bandspreading 
therefore, poor separation in the analytical column.
The invention of the hollow-fiber suppressor (Figure 46) provided a means for 
avoiding almost all o f the suppressor column problems (8 8 ). The remaining 
problem, such as bandspreading, was solved by the advent of the packed hollow- 
fiber suppressor (89). The only problem remaining with the hollow-fiber approach 
was that the bandspreading was even greater than with the old-fashioned suppressor 
columns. The bandspreading problem was caused by the length of hollow fiber 
needed to complete the suppression reaction (about 20 ft) By packing the inside of 
the hollow fiber with small plastic beads (Figure 47), it is possible to generate mixing 
inside the tube, and the ions are presented to the membrane at a faster rate. Thus by 
using a much shorter packed hollow fiber (as short as 2  ft) the bandspreading 
problem is solved due to a much lower dead volume, and necessary suppression is 
achieved.
4. MicroMembrane Suppression
Eluant suppression offers lower detection limits by an order o f magnitude, and 
permits the use of strong eluant without encountering high background noise. The 
ability to use strong eluant makes it possible to use high capacity columns, which 
have more resolving power than low capacity columns. High capacity columns can 
also tolerate much higher analyte loads without deterioration of peak shape or loss of 
resolution. Thus, with eluant suppression, the linear working range of analyte 
concentration is at least three orders of magnitude greater than without suppression. 
The problems with packed hollow fiber is that it tends to rupture at high pressures 
( >1200 psi). Also the plastic beads which were originally designed to lower the 
dead volume and provide better mixing, therefore, more suppression, tend to move 
along with the eluant flow downstream in the hollow fiber. The highly dense beads
8 0
H,SO
Figure 46. Packed Hollow Fiber : Acts as ion-exchange membrane that lets as much 
hydronium  ion enter as it  lets sodium ion exit from the packed fiber. 
Sample ions are converted to their corresponding acids (90).
Figure 47. The hollow-fiber suppressor performs the same function as a suppressor 
column, except that the packed-fiber column operates at a steady state for a 
long period of time without the need for a separate regeneration step. 
Packing the fiber with plastic beads eliminates bandspreading problems 
and reduces dead volume significantly (90).
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accumulated at the end of hollow fiber increases the back pressure and either ruptures 
the fiber or creates liquid leaks throughout the system. Micro-membrane suppression 
is the most recent system provided for chemical eluant suppression. Figure 48 shows 
the eluant flowpath in micromembrane suppressor. The cation micromembrane 
suppressor consists of two anion exchange membranes sandwiched between three 
high capacity anion exchange screens, the screens create a tortuous low volume flow 
path for the eluant and provide an ion transport path for the anion exchange process. 
Together, membranes and screens form a rugged device that requires no downtime 
nor maintenance. M echanism of suppression in the cation micromembrane 
suppression is depicted in Figure 49. The chemical eluant suppression is simply an 
acid base reaction carried out across a semipermeable membrane. The hydroxide ions 
in the regenerant cross the membrane and react with hydronium ions in the eluant At 
the same time, the anions in the eluant cross into the regenerant and replace the 
hydroxide ions. This increases the conductance of the analyte by pairing them with 
extremely mobile hydroxide counter ions. Thus, chemical eluant suppression greatly 
increases the signal to noise ratio.
5. Ion Chromatography of Inorganic Anions
a. Hydrophilic Anions
Compared with other liquids, water is a particularly good solvent for salts, the 
reason for that is the special structure of water and the way in which the water 
molecules can interact with the individual ions. As salt is dissolved in water, 
hydrogen bonds are broken and the water loses some of its structure (cavity effect). 
The larger the ion, the greater the amount of energy required for the formation of the 
appropriate cavity. On the other hand, a new structure is formed due to ion dipole 
interactions. These effects are greater for ions having smaller radii and greater charge
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densities. As can be seen from the values o f the molar enthalpy of hydration (Table 
III), the relative hydration enthalpy increases as the radius of the ion increases (92).
Large ions, such as iodide, have a high affinity for the stationaiy phase of an 
anion exchange resin. Since the hydration enthalpy of these ions is partly 
compensated by the cavity-building enthalpy, such ions will be described as 
hydrophobic. In contrast, smaller ions will be described as hydrophilic.
With a single anion exchange ion chromatographic column it is possible to 
separate a wide range of inorganic anions such as:
Halides:
F", Cl’, Br’ and, I 
Oxygen containing halides:
OC1-, C1 0 2 ' ,  CIO3 -, B1O 3 -, 1 0 3 - 
Oxygen containing phosphorous anions:
H 2PO2 - 1, HPO3 -2 , HPO4 - 2  
Sulfur anions:
HS-, SO3 -2, SO4 - 2  
Nitrogen containing anions:
N 3 -, NO", NO3 -, CN- 
Silicon containing anions:
H 2 Si03", SiF6 ' 2  
Other non-metal oxy anions:
As0 3 ' 3 , As0 4 "3 , Se0 3 "2, Se0 4 " 2  
The majority of the ions listed above can be separated using the standard 
NaHC03/Na2C03 solution as eluant. Other choices of eluant, or eluant composition 
are listed in Table IV, (93).
Both mono and divalent inorganic anions can be separated using a carbonate / 
bicarbonate mixture, Figure 50 (94).
TABLE m
Ion AHHydration
F ' -98 Kcal/mol
Cl' -79 Kcal/mol
Br -71 Kcal/mol
I* -62 Kcal/mol
Table HI. The molar enthalpy of hydration for the halide ions (92).
T A B LE IV
Eluant Eluant ion Suppressor Product Eluant strength
Na2B4(>7 B4 O7-2 H3BO3 Very weak
NaOH OH- H20 Weak
NaHCC>3 HCO3 - H2 CO3 Weak
NaHC0 3 /Na2 CC>3 HCO3 -/CO3 -2 H2 CO3 Medium
Na2 C0 3 CO3 - 2 H2 CO3 Strong
NaN0 3 NO3 - - Very strong
Nal r Agl Very strong
Table IV. Eluants used for anion chromatography (93).
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Figure 50. Separation of nine common anions using ion chromatography and fiber 
suppression (103).
For the stationary phase of an anion exchange resin, the affinity of these ions is 
determined by two, solute-specific properties:
a. The Valency of the Sample Ion
The greater the valency of the ion, the longer is its retention time. For example, 
the monovalent nitrate ion elutes before the divalent sulfate.
b. Ionic Radii in the Hydrated state
The retention time for an ion increases as the size of the ion in the hydrated state 
increases and with the resulting polarizability of the ion. Thus, halide ions elute in 
the following order: Fluoride, chloride, bromide and iodide. The size of an ion is 
generally more important for its retention time than its valency. For example, sulfate 
elutes before the mono-valent, but highly polarizable thiocyanate ion
6 . Ion chromatography of Organic Anions
It is also possible to analyze many organic anions using using the same column 
employed to separate mineral acids. Thus, interferences are possible in samples 
containing both organic and inorganic species. Small aliphatic organic acids such as 
formate and acetate, elute close to the dead volume of the column and tend to make 
simultaneous analysis o f fluoride difficult. Special attention must be paid to 
environmental samples such as waste water and surface water in which fluoride can 
often be proved to be present but which also contain a large number of organic acids. 
Since the latter often coelute with fluoride, the interpretation of the first peak eluted 
can be extremely difficult. To determine the nature of the compounds which might 
coelute at the early portion of the chromatogram, a dilute bicarbonate eluant is 
recommended for which, because of the low elution strength o f bicarbonate, 
separation of formate and acetate is possible. However, for the routine analysis of 
such complex matrices, this technique is not particularly useful because, even for ions 
such as chloride, the retention times become excessively long (Figure 51). In such a
case late eluting ions such as nitrate and sulfate, may interfere with the subsequent 
analysis.
For analysis of complex samples, where the elution strength of bicarbonate is too 
great to achieve well resolved peaks, an alternative eluant such as Na2B4 C>7 is 
recommended (Figure 52).
7. Metal Determination bv Ion Chromatography
Over the last several years, ion chromatography has been used for a variety of 
metal determinations (95,96). While atomic spectroscopy, atomic absorption (AA) 
and inductively coupled plasma (ICP) will continue to be the essential tools in metal 
analysis, an ever-growing need exists for the complementary capabilities of ion 
chromatography. The capabilities that ion chromatography brings to metal analysis 
include the determination o f inorganic cations, speciation of valence states, and the 
ability to work with difficult sample matrices. The arguments against the use of ion 
chromatography for metal determinations relate primarily to routine, high throughput 
analysis situations. If one is only interested in high throughput (element 
determination per hour) for metals in ideal matrices, ion chromatography falls short of 
the speed offered by atomic spectroscopy.
However, as real world analytical problems are most often neither ideal nor 
routine, analytical instrumentation supplemental to atomic spectroscopy would be a 
great advantage in developing methods for nonroutine applications. Thus it is 
becoming apparent that the well-equipped analytical laboratory of the future will 
incorporate both atomic spectroscopy and ion chromatography.
The development of metal capability in ion chromatography began concurrently 
with the inorganic anion capabilities developed in 1975 by Small and co-workers. It 
was discovered that alkali and alkaline earth metals could be separated and determined
0 2 4 6  8
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Figure 51. Separation of formate, acetate, and chloride. Eluant: 0.001 mol/L 
NaHC0 3 . Detection: Suppressed conductivity (93).
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Figure 52. Separation of formate, acetate, and fluoride. Eluant: 0.002 mol/L 
Na2 B4(>7. Detection: Suppressed conductivity (93).
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using a single cation exchange column and an anion suppressor micromembrane 
(Figure 53) (91).
Since the anion suppression device relies on an addition of hydroxide in 
exchange for eluant anion (typically Cl'), this method precludes transition metal 
determinations because the metal hydroxides would precipitate out of solution before 
entering the conductivity detector. Thus, several years went by before the 
development and addition of transition metal capabilities to ion chromatography.
Recent development efforts have produced new methods to determine a broad 
range of transition metals with minimal sample pretreatment. The major commercial 
development occurred in 1982 when Riviello et al. reported a sensitive colorimetric 
post column reaction capable of determining Fe(III), Cu, Ni, Zn, Co, and Fe(II) in a 
single run (Figure 54) (97). Improvements in separation ability offered by new 
columns, have allowed the determination of ten metal ions in a single injection with a 
pyridine-2,6 -dicarboxylic acid (PCDA) eluant (Figure 55). The post column reagent 
used in this analysis is 4-(2-pyridylazo) resorcinol (PAR) which is the most widely 
accepted and versatile post column reagent used for post column cation determination.
a. Speciation of Oxidation States
While atomic spectroscopy offers a rapid, sensitive method for total elemental 
determinations in a sample, ion chromatography can offer further potential insight 
into the actual coordination chemistry o f transition metals. The first part of this 
argument is the ability to speciate oxidation states of several metals such as Fe(II) and 
Fe(III) as shown in Figure 54. Potential applications for this type of capability are in 
corrosion research, glass quality, plating and nutrition.
Other oxidation state speciation abilities o f ion chromatography include 
chromium and tin. Ion chromatography has been reported for the determination of 
hexavalent chromium [Cr(VI)], an implicated carcinogen, in environmental samples
9 0
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Figure 53. Determination o f mono and divalent cations using Dionex (HPIC-CS3) 
column (93).
(98). A similar determination of chromium by atomic spectroscopy only measures 
the total chromium present, including harmless trivalent chromium [Cr(III)], with no 
clues as to the ratio o f the two species present. Figure 56 shows the speciation of 
stannous [Sn(II)] and stannic [Sn(IV)] ion related to tin/lead plating application. This 
analysis offers a new insight on the tin chemistry in the plating bath as active Sn(II) 
ratios change over time.
In addition to oxidation state speciation, ion chromatography offers two other 
specific insights into the chemistry of metals. First the ability to determine stable 
metal complexes directly in their complexed form. Table V illustrates some of these 
determinable complexes. One of the most powerful applications has been the 
determination of cyano-complexes in plating solutions. Second is the potential ability 
to determine free vs bound metal by selective preconcentration of samples on a short 
cation guard column prior to performing the chromatographic step. Free vs bound 
metal is often a key piece of information in environmental and biomedical studies, 
where in many cases only the free metal can be implicated as a toxin (99).
b. Multielemental Capability
One might think that ion chromatography falls short of multielemental capability 
as compared with atomic absorption and inductively coupled plasma. Ion 
chromatography does not offer true simultaneous multielemental capability in the 
sense that simultaneous inductively coupled plasma does, but since several elements 
are determined in one injection, this can be seen as a sample screening advantage or 
even an aid to the use of atomic absorption (where ion chromatography might be used 
to predetermine repetitive element determinations in unknown samples). An ion 
chromatograph is both available and operable at a fraction of the cost of inductively 
coupled plasma so the analytical speed advantage of inductively coupled plasma 
should be taken in perspective of cost per analysis.
Eluant: SmM Pyridine-2.
S-dlcarooxyllc acid 
3.6 mM LiOH
Metal Cone, (mg'LJ 
Fetlfi) 1
Cu1* 1
Mi* * 3
Zn1- 4
Co1* 2
Fe(ll) 3
Co1-
Fe1-
Zn1
J   /
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Figure 54. ^ te t iv i ty  in transition metal separations. Speciation of Fe(II), and 
Fe(in). Eluant: Pyndine-2,6-dicarboxilic acid (PCDA) (93).
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Column:
HP1C-CS5
Eluant:
3mM PDCA 
4.3mM LiOH 
2mM Na^O, 
25mM NaCI 
PAR:
1M DMEA 
0.5M NH.OH 
0.3M NaHCOj 
2 x 10 ‘M PAR
Figure 55. MuMdement separation capability of ion chromatography with single
TABLEV
Metal Complexed form Detector
Cr(VI), Mo, W Naturally occurring oxides: C1O4  2 ',MoC>4 2‘,WC>4 2‘ Conductivity
Au(I),Au(m), Ag,Co(HI) Cyano-complexes present in plating solutions: Au(CN) 2 ', 
Au(CN)4 -,Ag(CN)2 Co(CN) 6 3‘
Conductivity
Pb, Cu, Zn, Ni, Cr(III) Prederivatized EDTA complexes: Pb(EDTA)2', Cu(EDAT) 2‘, 
Zn(EDTA) 2‘, Ni(EDTA)2', Cr(EDTA) -
Conductivity
Pd, Pt, Pb, Au Chloro-complexes formed in situ in the column eluant: 
PdCl6 2‘, PtCU 2% PbCU 2% AuCLt -
UV or Pulsed 
amperometric
Table V. Stable anionic metal complexes used in cation chromatography (93).
Multielemental capabilities of ion chromatography are best shown in Figures 
53, 54, 55, 56, and 57. As is shown in Figure 57, a complete scan of rare earth 
metals can also be accomplished with an ion chromatography incorporating the post 
column reaction using 4-(2-pyridylazo) resorcinol (PAR) as post column reagent 
(93).
8 . Pollution Studies
In recent years, the importance of monitoring and controlling pollution has 
become apparent in all parts of the world. As a result, analysts have increased their 
effort to characterize and then determine toxic substances in air, water, food supplies 
and other sectors of our environment. Aspects of air pollution monitoring include the 
determination of toxic substances in ambient air, precipitation, industrial waste gases, 
and industrial working environments. Ion chromatography has been demonstrated as 
a valuable tool for these analyses.
The ion chromatography of air pollution samples include:
a. the determination of anions and cations (Cl", PC>4"3, NC>3 '> SC>4 "2 , Na+, 
NH4 +, K+) in precipitation samples
b. SC>2 determination in atmosphere and in the combustion products of coal and 
petroleum
c. the determination of NO3 ", S(>4 "2 , and NH4 + in ambient aerosols and in 
motor vehicle exhaust
d. the determination of common toxic substances such as formaldehyde in 
industrial and ambient environments (1 0 0 ).
A commercial ion chromatographer is capable of 60 daily simultaneous 
determinations of seven ions with 10% relative standard deviation (RSD) for trace 
ions present in concentrations as low as |Xg/ml.
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Figure 56. Speciation of Sn (II), and Sn (IV) based on their oxidation state (101).
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In analysis of air samples, air is first passed through high-volume filters, and any 
collected material is then extracted into solution for analysis. Ion chromatography is 
an ideal method for analyzing air filter extracts because of its ability to perform multi­
specific determination at trace (|_Lg/l) levels. For example NO3 '  and SQ4 ‘ 2  are 
simultaneously determined in 7 minutes. Precision for these determinations is 
approximately 2% relative standard deviation. Table VI lists comparison data 
between ion chromatography and accepted wet chemical techniques for NC>3 " and 
SC>4 '2  determination and indicates excellent agreement. Table VII lists recovery data 
for analysis of NO2 " and NC>3 - using ion chromatography and cadmium reduction 
method. As it is shown total (N02"-NC>3') concentration is determined using the 
cadmium reduction technique, whereas ion chromatography not only speciates NO2 '  
from  NO 3 ' ,  but this method indicates a 99% recovery with 8 % RSD. Ion 
chromatography can also separate SQ3 ' 2  from SC>4 _2 . This air filter extract 
procedure can also be applied to analysis of motor vehicle exhaust.
a. Atmospheric SO?
Sulfur dioxide (SO2 ), which results primarily from the combustion of coal and 
petroleum, is one of the major pollutants for which the U.S. government has set 
ambient air quality standards; therefore, it is necessary to have a reliable analytical 
method for SO2  determination. The present method for SO2  determination involves 
the colorimetric determination of a sulfito complex formed after bubbling SO2 
through a potassium tetrachloromercurate solution. The sulfito complex, however, is 
not temperature stable. Because samples to be analyzed are shipped and stored 
without temperature regulation, results from this method are prone to suspicion 
( 102).
An alternate, temperature-stable method is to bubble the SO2  through an H2 O2  
solution, which oxidizes the SO2  to SO4  • 2, and follows the determination of SO4  * 2 
using ion chromatography. Because ion chromatography can determine SO4 ' 2 in 10
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TABLE VI
SO4 -■2 £ji.g/ml) NO3- (|!g/ml)
Sample No. I£ Methvlthvmol Blue I £ Cd Reduction
1 35.5 35.3 9.3 9.6
2 23.6 25.1 5.2 5.9
3 29.2 30.9 6.4 7.0
4 52.9 53.2 23.6 23.5
5 47.6 48.7 12.3 12.4
Table (VI). Comparison of ion chromatography with wet chemical (colorimetric) 
methods for sulfate and nitrate in ambient aerosol filter extracts indicates excellent 
agreement (1 0 1 ).
TABLE VH
IC (pg/ml) Cd Reduction
Sample No. mz mz Total N Q l'-N Q r
1 0.38 0.32 0.7 0.7
2 0.53 1.47 2 . 0 2 . 0
3 0.69 2.93 3.6 3.5
4 0.65 2.36 3.0 3.0
5 0.44 2.36 2 . 8 2 .8
6 0.45 2.30 2 . 8 2 .8
Table (V I I ) .  Separate NC>2_ and N 03" ion chromatography determinations compared 
with combined N C > 2" /N 03"  cadmium reduction (101).
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minutes or less at trace levels as low as fig/ml, the U.S. Environmental Protection 
Agency has evaluated this method as an alternate method for ambient SO2  
monitoring.
b. Industrial Emission
Industrial flue dusts often contain toxic substances other than SO2 . One 
example is As +3 from copper and lead smelters. Although atomic absorption 
spectroscopy is capable of determining As at sufficiently low levels (|ig/ml), the 
process involves the generation of arsine, which is both time-consuming and tedious. 
A method for the ion chromatographic determination of arsenic has been developed 
which involves the oxidation of As +3 to AsC>4 '3  by addition of H2 O2 , NaOH, and 
M n 04  *.
In addition to the ambient atmosphere, industrial work environments must also 
be monitored for air pollutants. Formaldehyde is an example of a general pollutant as 
it is common to many industrial processes and can cause irritation of skin, itching of 
eyes, and sore throat. If reacted with hydrochloric acid, formaldehyde can form bis- 
(chloromethyl) ether, a suspected carcinogen. Previously a reliable method for 
formaldehyde monitoring was not available. The problems involved were as follows:
a. Devices used in the sampling procedure were made of glass and were 
susceptible to breakage
b. Lack o f sensitivity with former m ethods, for example, gas- 
chromatography.
A new sampling and analytical method combines formaldehyde collection on 
oxidizer impregnated charcoal with subsequent ion chromatographic analysis of the 
formaldehyde as formic acid.
c. Acid Rain
The determination of ions in rain water is required to monitor the effects of coal 
power plants, transportation, and industry on precipitation.
Ion chromatography has been applied to the analyses of rain water samples for 
the anions, (fluoride, chloride, nitrate, sulfate), and cations, (sodium, potassium, 
ammonium, calcium, magnesium) determination. Typically, however, not all these 
species were found in every precipitation sample, and as a rule, the major anions are 
C l ' ,  NO3  ", and SO4  "2, and the cations normally found in rain water are Na +, 
NH4  +, and K + (103).
Recent collaborative laboratory intercomparison studies show that the 
prescribed methods for the determination of the anions and cations in rain water are 
not altogether satisfactory (8 6 ). One of the major problems in precipitation analysis 
has been poor quality control in both sample collection and sample analysis. Also, 
relatively large samples are required since the ions are determined on individual 
aliquots, as in the conductivity measurements. The new quality assurance manual 
(104), which was prepared under contract by Rockwell International for the 
Environmental Protection Agency, will attempt to rectify some of the collection and 
analysis inconsistencies. Part of the controversy surrounding the acid rain studies is 
due to unreliable or poor data that have been collected to date. In some cases, poor 
sampling has been suspect, and in others poor analysis has been blamed. The recent 
availability of commercial ion chromatographs (85), suggests that the technique might 
be of great value in rain water analyses, with two potentially desirable features :
a. much smaller samples required
b. improvement in reliability of results
Also, in the new quality assurance manual, ion chromatography has been 
specified as the method of choice for determination of anions and cations in 
precipitation samples.
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EXPERIMENTAL SECTION 
1. Reagent and Standard Solutions
Stock solutions of the ions were prepared from reagent grade chemicals 
(J.T.Baker Chemical Co.Phillipsburg, N J.).
Two stock solutions of each ion were prepared, 1000 pg/ml, and 100 (Xg/ml. 
Sodium salts of Cl", S O ^ -, P O ^*  were used, KNO3  for NO 3 ", and chlorides for all 
cations.
Standard solutions were prepared by pipet from the stock and standard and they were 
stored in conventional polyethylene pre-washed bottles. A low conductivity (1-1.5 
pmhos/cm) distilled deionized water was used to prepare all stock, standards and 
eluant. This water was prepared by scrubbing distilled demineralized water with a 
strong mixed bed resin exchanger.
Standard eluant (0.003M NaHC03/0.0024M  Na2 CC>3 ) was used for anion 
chromatography. After extended use, the anion Separator column was rinsed 
thoroughly with 0.1 M Na2 CC>3 . The bicarbonate/carbonate eluant used for anion 
analysis is subject to microbial degradation. For this reason, eluant buffer was 
prepared fresh daily whenever possible. Also, addition of a small amount of 
chloroform or dichloromethane ( 1%) can retard microbial growth and lengthen buffer 
lifetime.
An anion fiber suppressor, with a continuous gravity feed flow of 0.025N 
H 2 SO4  was used to suppress the conductivity o f unwanted anions, therefore there 
was no need for regeneration of anion suppressor system. Standard eluant (0.005M 
HC1) was used for monovalent and a standard eluant (0.002M HC1, 0.002M meta- 
phenylenediamine) was used for divalent cation chromatography. Cation columns can 
be regenerated with 1M HC1 solution.
A cation fiber suppressor, was used with continuous gravity feed flow of 80 
mM tetrabutylammonium hydroxide, for gradual rejuvenation of cation suppressor
system.
2. Instrumentation
The ion chrom atography was conducted with a Dionex 2010i system 
(Sunnyvale, CA). The system consists of a Dionex auto-sampler (P/N #032651), a 
dual channel advanced chromatography module with optional column heater and a 
microprocessor-based conductivity detector. The entire flow path from the eluant 
reservoir to the waste line has been designed to minimize any or all contact with metal. 
A newly developed dual head precision analytical pump has been installed which is 
capable o f operating close to 2000 psi pressure. This pump does not use the 
traditional stainless steel heads or check valves, Instead, the high pressure hydraulic 
system  is com posed en tire ly  o f non m etallic com ponents (Tefzel, 
Teflon,polypropylene, Kel-FL, and ruby sapphire).
The microprocessor-based conductivity detector allows precise, accurate 
compensation for environmental temperature fluctuations. The result is improved 
short and long term baseline stability and an improved signal to noise ratio. With 
improved temperature stability, higher sensitivities may be used, thus minimizing 
sample requirements and simplifying automation. The microprocessor also permits 
incorporation of an auto-offset feature that eliminates the need for conventional "zero" 
suppression control.
A concentrator guard column, (4 x 50mm Dionex, HPIC, AG4, 035310) was 
employed for anions. A guard column, (4 x 50mm Dionex, HPIC, CG, 030830) was 
utilized for cations. The concentrator column has been used to lower the minimum 
detection limits when large sample volumes were available and very low concentration 
of ionic species were to be determined. A separator (analytical) column (4 x 250mm, 
Dionex, HPIC, 037041) containing low capacity, strong bed anion exchange resin 
was used for anion determinations.
Two types o f separator columns were used for cation determinations: A
1 0 3
separator column (4 x 250mm Dionex, HPIC, C S 1,030831) containing low capacity, 
strong acid cation exchange resin),was utilized for monovalent cations. A single 
separator column (4 x 50mm, Wescan, high speed (H/S), A250E-S7) containing low 
capacity, strong acid cation exchange resin was employed for divalent cations. The 
Wescan cation column has the advantages of shorter analysis time and better resolving 
power for the ions.
An anion fiber suppressor (AFS), (Dionex 035698) and a cation fiber 
suppressor (CFS), (Dionex 0329) was utilized. The continuously regenerated fiber 
suppressor eliminates the need to interrupt the analysis to replenish the suppressor 
system. This device, which uses an ion exchange membrane, permits regenerant to 
flow continuously around the fiber. This results in a suppressor in "dynamic 
equilibrium," that is, partially expended, partially regenerated. The regenerant 
suppressor was a gravity feed with flow of 3 ml/min.
Eluant pump flow rate of 2 ml/min was maintained for both anion and cation 
analyses. The pump pressure was between 1000-1100 psi.
A conductivity full-scale sensitivity setting of 3 pmhos was routinely used.
3. Procedure
The samples were analyzed by ion chromatography using the operating 
conditions previously described. Five milliliters of samples were filtered through a 
0 . 2 2  pm membrane and the filtrate was collected in a 1 0  ml capacity high density 
polystyrene vial for injection into the ion chromatograph. Calibration was established 
initially and after every ten sample analyses using the anion and/or cation standard 
solutions. The calibration standards were prepared daily from separate 1000 mg/ml 
stock solutions. Analysis time for the three major anions (Cl', NO3 ' ,  SG4 ' 2 ) was 
about 10 minutes and for the three major monovalent cations (Na+, NH4 +, K+) was 
about 7 minutes.
Tables VIII & IX contain the retention times of major cations and anions for
standards and Tables X and XI contain the retention times of major anions and cations 
in precipitation. Concentration of ions in precipitation is calculated based on standard 
calibration graphs for corresponding ions . The concentration of standard ions chosen 
are closely related to original concentration of these ions present in precipitation in 
order to measure statistical values for retention times . There was a good 
reproducibility in the retention times of all ions analyzed (within 5% ). Also, there was 
a good agreement between the retention time of each one of the ions in standards and 
those present in rainwater, Tables X & XI. Fortunately, the number o f anions and 
cations present in precipitation is limited in a sense that these ions could be separated 
with a good resolution and with no interferences from other ions. Results of Table 
V m  and IX are based on five replicate measurements. Low standard deviation is an 
indication of precision of ion's retention times in replicate analysis. This data 
confirms identification of cations and anions present in precipitation based on retention 
times of standards. Figures 58-61 show calibration graphs for standard anions and 
Figures 62-65 depict calibration graphs for standard cations. All the calibration 
graphs,except for chloride ions, are linear up to 1 0  (ig/ml range which is higher than 
measured concentration of these ions in precipitation samples. The non-linearity of 
chloride ion is because of the relatively low retention of this ion for anion exchange 
columns. But, chloride ion concentrations present in the precipitation are within the 
linear range of the calibration standard graph. For higher concentrations of chloride 
ions, dilution of samples can decrease the concentration of the ions and fit them within 
the linear range of the standard curve.
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TABLE V m
Anion Cone.
pg/ml
R T  (Max) 
min
R.T.(Min)
min
R.T (Mean) 
min
S.D.
(j.e/ml
HCOO- 0.5 1.71 1 .6 8 1.69 .0 1
c i - 1 .0 1.92 1.87 1.89 . 0 2
N 0 3 - 2 . 0 3.60 3.54 3.57 . 0 2
SO4  "2 3.0 6.69 6.65 6.67 . 0 2
PO4 - 3 0 . 1 8 . 8 6 8.80 8.83 . 0 2
Table VIII. Retention times and standard deviations for major anions in 
standards based on five replicate analyses.
TABLE IX
Cation Cone.
pp/ml
R T (Max) 
min
R.T. (Min) 
min
R.T. (Mean) 
min
S.D.
pg/ml
Li + 0 .1 2.39 2.26 2.28 . 0 2
Na + 2 . 0 3.28 3.25 3.27 .0 1
NH4  + 1 .0 4.26 4.20 4.22 . 0 2
K + 1 .0 6.18 5.92 6.07 .0 1
Mg +2 0 .1 0.58 0.52 0.54 . 0 2
Ca +2 0.5 1 .1 2 1.19 1.15 .03
Table IX. Retention times and standard deviations for major cations in standard 
solution based on five replicate analyses.
TABLEX
Anion Cone.
M-g/ml
R T  (Max) 
min
R.T.(Min)
min
R.T (Mean) 
min
S.D.
Ug/ml
HCOO- 0 . 2 1.69 1 .6 6 1 .6 8 .0 2
c i - 1 .2 1.93 1 .8 8 1.90 . 0 2
NO3 - 1 .8 3.63 3.52 3.55 .0 1
SO4 - 2 2.7 6.72 6.67 6.69 . 0 2
PO4  ' 3 0.06 8 . 8 8 8.78 8.85 .0 1
Table X. Retention times and standard deviations for major anions in 
precipitation samples based on three replicate analyses.
TABLE XI
Cation Cone.
pg/ml
R T  (Max) 
min
R.T.(Min)
min
R.T.(Mean)
min
S.D.
M-g/ml
Li + 0.05 2.35 2 . 2 2 2.25 .0 1
Na + 2.3 3.32 3.24 3.26 . 0 2
NH4  + 1 .1 4.30 4.26 4.20 .0 1
K + 0.9 6 . 1 0 5.87 5.97 . 0 2
Mg +2 0 . 2 0.61 0.54 0.56 . 0 2
Ca + 2 0.4 1.09 0.96 1 .1 2 .0 2
Table XI. Retention times and standard deviations for major cations in 
precipitation samples based on five replicate analyses.
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Figure 58. Calibration Graph for Cl Standard Anion.
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Figure 59. Calibration Graph for NO^ Standard Anion.
109
50
40
«
u<
05OCu
20
0 2 4 6 8 10 12
Concentration (ig/ml
—2
Figure 60. Calibration Graph for SO^ Standard Anion.
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Figure 62. Calibration Graph for Li+ Standard Cation.
o --------------------------------------------------------------- — -----------
0 2 4 6 8 10
Concentration (ig/ml
Figure 63 . Calibration Graph for Na+ Standard Cation.
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Figure 64. Calibration Graph for NH^ Standard Cation.
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Figure 65 . Calibration Graph for K+ Standard Cation.
RESULTS AND DISCUSSION
During the period of October 1984 to September 1986, rainfall was collected in 
the vicinity of the Louisiana State University. The samples were subjected to chemical 
analyses utilizing ion chromatography, atomic absorption and other means of 
instrumentation for the purpose of characterization of anions, cations, trace metals, 
and other species present in precipitation. Chemical analyses of wet-only precipitation 
indicate that the major anions in the Baton Rouge rainfall which were present in almost 
all the precipitations include, SO4 '  , NO3 " and C l '. The minor anions which were 
detected only occasionally include HCOO \  PO4 ' 3, NO2", and SO3 '2. The major 
cations comprised Na +, NH4 +* K +, Ca +2 and Mg +2.
M ajor anions in the Baton Rouge rain water ( rain o f June 22, and April 28, 
1986) are shown in Figure 6 6  and 67. Also, the presence of some of the minor anions 
( HCOO *, NO2  *) is demonstrated in this Figure. Concentration of formate ion is 
higher for June rainfall, but concentration of nitrite is higher in April's rain water. 
Presence of trace PO4  '3 anions, which are detected occasionally in Baton Rouge 
precipitations, is depicted in Figure 6 6  and 6 8 .
One of the interesting chemical pollutants rarely detected in Baton Rouge rainfall 
is SO3 ‘2  anion. Sulfite anion is relatively short lived and is easily converted to SO4  _2 
in the presence of moisture:
2 H 2SO3 + O2  — 2 H2SO4 (25)
Conversion of SO2  to SO3 , SO3 -2 and S04 ' 2  is outlined below:
SO2 + 1/2 0 2 S03 (26)
5 0 2  + H20  2H + SO3 -2  Sulfite (27)
5 0 3 + H20   2H + + SO4  -2  Sulfate (28)
or
SO2  + O2  + H2O — H2SO4 (29)
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Its presence in rain water is either a sound indication of local pollution or a 
symbol o f fast moving clouds which are able to carry SO3 -2  pollutants from the 
source of origin to the precipitation site. The presence of SC>3 '2  anions in Baton Rouge 
rainwater is depicted in Figure 69. This rain sample was taken shortly after a 
thunderstorm in a hot humid morning. Two days after collection of this precipitation 
all of the SO3 ' 2  anions present in the rain sample were transformed into SO4  '2. 
This result is shown in Figure 70.
A confirmatory study in the laboratory has proven the ease of conversion of 
SO3  _2 anion standards into SO4  _2 anions by ambient air. The SO3 ' 2  standard 
solution was prepared from a pure (SO4 _2 free) Na2 SC>3 salt dissolved in distilled 
deionized water. Results from ion chromatographic studies of SO3  "2 standard anion 
indicated the presence of a small amount of SO4  "2 anions shortly after the SO3  ‘2 
standard was prepared. Further analyses of the SO3  "2 standard showed a gradual 
increase in the concentration of SO4  '2  and a sequential progressive decrease in 
SO3  "2 concentration. Sulfate in precipitation is added to the atmosphere as fossil 
fuels, natural processes such as forest fire, volcanic eruption,anthropogenic emission 
(mainly as SO2 ), and as hydrogen sulfide formed in nature by biological action and as 
sea spray (78).
Recently, researchers at the Lawrence Berkeley Laboratory have discovered a 
relatively long lived but previously undetected intermediate in the reaction sequence 
leading to acid rain (77). Laser Raman spectroscopy and a high pressure rapid-mixing 
flow system were used to determine concentrations of reactants, products and 
intermediates during the course of the reaction. Their reaction sequence proposed that 
SO2  dissolves in cloud water to produce the bisulfite ion (HSO3 ■) intermediate.
Figure 71 displays ion chromatography of standard monovalent cations utilizing 
Dionxe HPIC-CG1 anion column along with a Dionex cation fiber suppressor unit. 
Ion chromatography of the major monovalent cations present in Baton Rouge rainfall
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is shown in Figure 72 . Ion chromatography of major standard divalent cations 
mainly Ca +2  and Mg +2 is depicted in Figure 73. Separation of divalent cations was 
conducted employing a Wescan high speed cation column. No suppression system 
was needed for utilizing the Wescan column. Figure 74 displays major divalent 
cations present in Baton Rouge's rainfalls. Occurrence of lithium ion is rare in Baton 
Rouge precipitation, but if present it is at very low concentration levels.
Results from an extensive study of Baton Rouge precipitation for the period of 
October 1984 to September 1986 are shown in Figures 75 to 8 8  and Tables XII, XIII. 
The temporal variabilities in monthly volume weighted mean concentration of free 
acidities, NO3 * and SO4 - 2  are displayed in Figure 75. Considerable variabilities in 
the free acidities and sulfate concentrations are apparent. Nitrate and sulfate 
concentrations sometimes follow a similar pattern to that of free acidity. An exception 
occurred during February of 1986. During this month, concentration of sodium and 
ammonium were unusually high which indicates the possibility o f higher 
concentrations of anions in the form of their salts (Na2SC>4 , NaNC>3) rather than their 
acids. The similarities between concentration and acidity are more obvious for SO4 ' 2  
than NO 3 '. The concentration of SO4 ' 2  is usually more than that of H + ions which 
indicates the presence of SO4 "2  from ocean spray. The sulfate measured was the total 
concentration and no attempt was made to determine non-marine or excess sulfate. 
Madsen (79) has reported the presence of SO4  ~2 ion can be attributed primarily to 
non-marine sources. Hendry and Brezonic have reported an unusually high 
concentration of sulfuric acid in north central Florida's precipitation (80).
Among the nitrogen oxides which are emitted into the atmosphere, mainly 
through the action of bacteria in the ground but also through oxidation of nitrogen by 
combustion, NO and NO2 will eventually end up as nitrate in the precipitation. At 
present there seems to be no other mechanism by which an appreciable part of nitrate 
in precipitation could originate but from oxides of nitrogen. The principle reaction is
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given as:
3 N 0 2 + H20 ____ ^  2H N 03 + NO (30)
Hornbeck et al.(76) have reported similar seasonal patterns for sulfate and 
hydrogen ion concentrations as those reported here, i.e., they are mainly higher in 
summer and lower in winter. On the other hand, no strong seasonal nitrate pattern was 
noticed in their study. The sulfate seasonal pattern is puzzling in this regard that since 
maximum combustion of fossil fuels is used for winter heating, and higher 
concentrations of sulfate would be expected in winter months. Dasch's recent study 
of precipitation in the northeast United States (105) indicates that winter rains have 
lower NO3 ■ levels but higher SO4  "2 than snow. Although NO3 * levels were higher 
in snow than winter rain, the higher concentration could be attributed to generally 
lower precipitation depth associated with snow events than rain events. The NO3 ' 
ion concentrations are inversely correlated with precipitation depth. However, there is 
no evidence that snow scavenges HNO3 in the air more efficiently than rainfalls. 
Conversely,SO4 *2 ion concentrations were far higher in winter rain than snow. The 
SO4  *2  concentrations of the precipitation were highly correlated with the temperatures 
of the cloud layers. The data suggest that S O 2 is incorporated and oxidized to SO4 ' 2 
in clouds most efficiently when the hydrometers are present as liquid droplets.
Figure 76 displays the monthly volume weighted mean concentrations of major 
anions in Baton Rouge's rainfalls. Unlike sulfate and nitrate, chloride ion shows no 
specific sign of seasonal pattern. Hombech et al.(76) and Madsen(79) reported the 
same general conclusion. The predominant source of chloride in precipitation is sea 
spray. A small part of chloride comes from anthropogenic emission, i.e, hydrochloric 
acid. Data on the anthropogenic emission of HC1 are sparse compared with the natural 
ones. Therefore, the presence of chloride in precipitation is not taken to indicate an 
addition of acids or bases.
Monthly correlation coefficients between free acidity, NO3 ", SO4 "2  and Cl * are
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displayed in Figures 77,78 and 79. Correlation is higher for H-NO3 - than H-SO4 ‘2, 
which indicates that more of NO 3 - ions are in acidic form (HNO3 ) than SO4 ' 2, 
(H2 SO4 ). There is no correlation between H + and Cl \  This supports the generally 
held supposition that most of chloride in precipitation arises from sea salt rather than 
acid (HC1).
Figure 80 displays monthly volume weighted mean concentrations of major 
monovalent cations present in precipitation. Unlike hydrogen ion there are no strong 
seasonal patterns indicated by Na +, NH4 + and K +. Concentrations of monovalent 
cations in rainfall shows the following trends: Na +> H + > NH4 + > K + . A similar 
trend is shown in the concentrations of these ions in sea water, mainly Na + > K +.
Figure 81 displays monthly volume weighted mean concentration of both 
monovalent and divalent cations. As is shown, the concentrations o f monovalent 
cations are usually higher than that o f divalent cations. The only exception to this 
finding is K +, which usually has the lowest concentration of cations in precipitation. 
For the divalent cations, the concentrations of Mg +2 are usually higher than those for 
Ca +2 for most average monthly measurements. This trend is similar to that of the 
concentrations of salts of these ions in the oceans.
The primary source of sodium in precipitation is sea water. Sea water has a pH 
of about 8.5 and thus it is basic. Potassium, magnesium and calcium ions are added 
to the atmosphere by soil erosion, by sea-spray and by anthropogenic emission. 
Ammonium ion in precipitation originates from ammonia created by the action of 
bacteria on nitrogen compounds in the ground, perhaps mainly from urine.
Hombeck et al.(76) have suggested that the impacts of dusts (cations and trace 
metals) and organic materials on the chemistry of precipitation may be greater at certain 
times of the year because of seasonal activities, such as farming and construction, or 
the presence of wind-borne pollen, or snow cover. The decline of acidity may be 
partly the result of H + ion exchange with cations from organic material. Organic
1 2 0
material in the form of birch cone scales and pollen, seeds, eaves, twigs, and bark 
fragments is transported by wind or precipitation in surprisingly large quantities. 
Hydrogen may exchange with several different cations in the organic materials. In 
their study, a comparison is made between the monthly mean concentration of each 
one of major anions in precipitation and the mean monthly neutralizing changes. The 
total neutralizing component includes the sum of Ca, Mg, K, Na and ammonium ion.
Figures 82,83 and 84 display mean monthly correlations for Na + and C l ', 
SO4  ' 2  and NO3 '  ions. As these figures report, the correlation is high for Na-Cl, 
moderate for Na-SC>4 , and poor for Na-N(>3 . This is an indication that most of Cl * 
and more of SO4  ' 2  are in the form of sodium salt rather than acid, but the majority of 
the NO3 '  content is in the acid form.
Table XII contain statistical parameters for analyses of anions and cations 
utilizing ion chromatography. Nominal concentrations chosen are within close range 
of the concentrations of these ions in precipitation and the limits of linearity measured 
are usually higher than the concentrations of these ions present in the rainfall. 
Calibration ranges, therefore, cover low and high concentration ranges of ions present 
in precipitation. The limit of detection is much higher than the seasonal variations for 
each one of the anions and cations investigated. Standard deviations are low which is 
an indication of precision of the ion chromatographic analyses o f these ion based on 
five replicate analyses.
Table XIII shows some statistical parameters for monthly mean values for 
different parameters measured for this study. Within the monovalent cations variation 
of H + and Na + are close and higher than that for NH4 +. Calcium and magnesium 
ions show similar variations. Within the anions, variations in the concentration of 
chloride are close to those of sulfate and higher than those of nitrate. Monthly Cl ■ / 
Na + (eq/eq) ratios varied from 0.72 to 2.2, with a mean value of 1.40, which is 
higher than that of marine origin. The theoretical ratio for Cl '  / Na + in seawater
based on equivalents is 1.16, if all Cl • and Na + are assumed to be of marine origin 
(78). Hendry and Brezonik (80) have reported a mean value of 2.3 for the Cl - / Na + 
ratio in rainwater for coastal sites in Florida. This is an indication of slight enrichment 
o f Cl ■ in rainwater over that derived from sea salt. Madsen reported a moderately 
lower mean Cl 7Na + ratio than that present in sea water. This is either because of the 
presence of a non-marine source of Na + ions or loss of Cl * ions by volatilization.
Monthly mean ratios o f SO4 ' 2  / Na + varied from 0.58 to 4.38, with a mean 
value of 1.44 (Table XI). The mean value is higher than the ratio present in sea water 
(0.25). Results of similar investigations indicate much higher values for SO4  '2/Na + 
ratios for wet -only and bulk rainfall (80). This reflects added value of anthropogenic 
emission of SO2  from fossil fuel combustion.
Monthly mean ratios of anion/cation (eq/eq) varied from 0.78 to 1.1 with a mean 
value of 1.0. This may be accounted for by the presence of major or minor anions not 
measured in this study, such as CO3 ‘2, HCO3 *, HCOO *, CH3COO ■ or others. In a 
similar study (79), anion/cation (eq/eq) ratio with a range of 0.8 to 1.1 has been 
reported. Figure 85 displays monthly mean variations in the concentrations of Na + 
and Cl ‘ ions. These two ions follow a similar trend of seasonal variation, which is an 
indication of their origination in the rainfall from a common source, mainly sea salt. 
Figure 8 6  displays monthly mean variations in the concentrations of SO4 ' 2  and Na +. 
These ions follow a close pattern of variation but the correlation is lower than that 
between Na + and Cl ■ ions. Although most of C l '  arises from NaCl, or other salt 
forms rather than HC1, a modest concentration of SO4 _2 is in the form of H2SO4 and 
the rest in the form of Na2 SC>4 or other salt forms similar to that o f sea salts. Figure 
87 displays monthly mean concentrations of K+ and NFLj+ . This is an exploded view 
of seasonal variations in these two cations. In Figure 81 the monthly mean variations 
o f K+ and NH4 + are not clear due to the fact that scale of variations in the 
concentration of other cations, especially of H + and Na + ,are much higher than those
of K + and NH4  +. There appears to be no strong seasonal variations in monthly 
concentration of these two cations, but it seems that the concentrations of K + and 
NH4  + are moderately higher in winter than summer. The concentration of K + ions is 
lower than that of NH4  + ion. This is due to the fact that the concentration of K + ion 
in the sea salt is very low and the anthropogenic source of ammonium is rather high.
A hypothetical explanation may be due to much lower photochemical activities in 
winter as compared with those of summer In the summer, sun activated reactions 
cause more of the H + ion to be available to react with anions present in precipitation, 
while in winter with much lower photochemistry occurring, the cations from the sea or 
other sources remain in the liquid phase. Figure 8 8  displays variations of monthly 
mean concentrations of Ca +2 and Mg +2 in precipitation. Similarities are observed for 
the seasonal variations in concentrations of Ca +2 ion and Mg+2 ion. Monthly mean 
concentrations o f Ca +2  are slightly higher than those for Mg + 2  in Baton Rouge's 
precipitation. Given the fact that that source of these two cations is mainly sea water 
and that the concentration of Mg +2 in the sea is higher than that of Ca +2, the higher 
concentration of Ca +2  in the precipitation is not readily explained. Again, stronger 
chelation with organic sites is a possibility.
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Conditions:
Dionex 2010i ion Chromatograph
Column: HPIC-AS4A
Guard Column: HPIC-AG4
Eluent: 3 mM  NaKC0 3  / 2.4 mM Na^KCOa
Flow: 2 ml/min
T
3(iS
±
Suppressor System: Anion Fiber Suppressor 
Suppressor Regenerant: 0.025 N H2 SO4
►1 Min
Fiow: 3.5 ml/min
Sample: 100 jil Baton Rouge Rain Water 
Rain Water of June 22, 1986
-  1
Peaks:
CDO
1. HCOO - 5 ’
2 .C 1 -
3. NO2 ‘ I
4. NO3 ' I
5. SO4 -2 i
6 .P 04 -3
Vj
Figure 6 6 . Separation of anions in Baton Rouge rain water using ion
chromatography.
Conditions:
Dionex 2010i ion Chromatograph
Column: HPIC-AS4A
Guard Column: HPIC-AG4
Eluent: 3 mM  NaHC0 3  /  2.4 mM Na^KCCs
Flow: 2 ml/min
Suppressor System: Anion Fiber Suppressor 
Suppressor Regenerant: 0.025 N H2 SO4  
Flow: 3.5 ml/min
Sample: 1C0 jil Baton Rouge Rain Water
Rain Water of April 23, 1986
1 . HCOO*
2. Cl*
3. N 0 2*
4. NO 3 *
5. SO,**^
T
3|xS
±
Peaks
Figure 67. Separation of anions in Baton Rouge rain water using ion 
chromatography.
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Conditions:
Dionex 2010i ion chromatograph
Column: HPIC-AS4A
Guard Column: HPIC-AG4
Eluent: 3 mM NaHCC>3 / 2.4 mM Na2HCC>3
Flow: 2 ml/min
Suppressor System: Anion Fiber Suppressor 
Suppressor regenerant: 0.025 N J^S O ^
Flow 3.5 ml/min
Sample: 100 p.1 Baton rouge rainwater 
Rainwater of February 24, 1987
JHS/iNEL r . #3 • -35
1. HCOO'
2- c r
3. N 0 3 '
4. S 0 4 -2
5. P 0 4 '3
hi..j1 Alu ME7H0D 0. RUN 14
PErK# fiREn?: R:7 RRES BC
A 4 .1 2 0. 29 32644*2 01
’* A 6 ’*' 4 i 14821540 02
w 27. 065 1. 8 70253334 024 3. 0*5 56 6539794 01e ^
^ .  i O  i 6. 67 26267257 01
5 0. 253 oc*. 8 242175 01
7 07 rL 100. 31565162
in b e x  1 4
Figure 6 8 . Separation of anions in Baton Rouge rain water utilizing ion
chromatography.
Conditions:
Column: 300 mm x 3.0 mm ID 1/100 ICLR-1262 anion exchange resin 
Guard Column: 50 mm x 3.0 mm ED 1/100 ICLR-1262 anion exchange resin
Stripper Column: 500 mm x 3.0 mm ID AG 50 W x 16, 200-400 mesh H * form
Eluent: 3 mM NaHC0 3 /2 .4  mM Na2 C0 3  
Flow: 1.7 ml/min 
Detector. Conductivity 
Injection volume: 100 pi
Sample: Baton Rouge rainwater ( September 18,1983)
Peaks:
1. HCOO '
2. C l-
Time
Figure 69. Separation o f anions in Baton Rouge rain water utilizing ion 
chromatography.
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Conditions:
Column: 300 mm x 3.0 mm ID 1/100 
ICLR-1262 Anion Exchange Resin 
Guard Column: 50 mm x 3.0 mm ID 
1/100 ICLR-1262 Anion Exchange Resin
Stripper Column: 500 mm x 3.0 mm ED 
AG 50 W x 16, 200-400 mesh in H + form
Eluent: 3 mM NaHC03 / 2.4 mM Na2 CC>3
Flow: 1.7 ml/min 
Detector. Conductivity 
Injection volume: 100 jil
Sample: Baton rouge Rainwater 
(September 18, 1983)
Analyzed two days later
Peaks:
1. H C O O '
2.C 1-
3. PO4  3'
4. NO3  -
5. SO4  2‘
TIME
Figure 70. Separation of anions in Baton Rouge rain water utilizing ion
chromatography.
Conditi' r_r.
Dionex 20 lOi Ion Chromatograph 
Column: H PIC-CS1 
Guard Coiumn: KPIC-CGI 
E uenn  5 mM HC!
How: 2 ml/min
Suppressor System: Cation Fiber Suppressor 
Suppressor Regenerant: 80 mM T 3A 0K  
R ow  3.0 ml/min
1HPNNE2 * "’2 ' SI-15^
5. 1-3
•‘*E~riC2 3.
PEAK*
’OTnL
:S*. i£*
.33.
PUN 212
5. r 12®—7 l  
25 2< i= 3337§  32 
25 3 2
I?  15?3i517i 32 
i  i 3 2 ,55'T:33 32
332  ■51173
3 2 : 0 2 :  t-j
I M3 El i 2.
;2;-= ‘>C‘* w o — ^
Peaks:
1 . 1 { ig /m L L i+
2. 2 jig/mL Na +
3. 3 ng/m L NH 4 +
4. 3 Jig/mL K +
Figure 71. Separation of standard monovalent cations utilizing ion chromatography.
129
Conditions:
D ionex 2 0 l0 i  Io n  C hrom atograph
C olum n: H P IC -C S  1
G uard C olum n: H P IC -C G I
Eluent: 5 m M  H C I 
F:ow : 2 m i/m in
Suppressor S ystem : C ation  F iber Suppressor 
Suppressor R egeneran t: SO m M  T 3 A O H  
F low  3.0 m l/m in
peaks:
1. Na +
2 . NH 4  +
3. K +
Inject
T
3|j.S
±
Time
Figure 72. Detenninarion o f monovalent cations in Baton Rouge rainwater 
(November, 6 , 1985)utilizing ion chromatography
S e p a r a t io n  o f  D i v a l e n t  C a t io n s
Conditions:
Column: Wescan Calicn/HS 
Eiuent: 1 mM Ethylenediamine, 
pH 6.0 with HN03 
Ficw: 8 mi/min
Sample: Cation Standard, 100 jil 
Detector: W escan Mcdei 213A
Conductivity Detector
Peaks:
1.Mg
2. Ca++
2.4 ppm 
11 ppm
JL
30
SECONDS
60
Figure 73. Determination of standard divalent cations utilizing Wescan High-Speed 
ion chromatography column.
Conditions:
Cciumn: Wescan Cation; HS 
Eluent: ImM Ethylenediamine.
pH 6.0 with HN03
Flow: 5 mL'min
Sample: 3aton Rouge rainwater 'November 6 . 193;'i 
peaks:
1. M g - *
2 .  C a
I n j e c
Time
Figure 74. Determination o f divalent cations in Baton Rouge rain water 
(November, 6  1985) utilizing ion chromatography.
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Figure 75. Monthly volume weighted mean concentration of free acidity, sulfate and nitrate.
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Figure 76. Monthly volume weighted mean concentration of chloride, nitrate, and sulfate.
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Figure 77. Mean monthly correlation for H - NO3 , October 1984 - September 1986.
Count = 24, Correlation = 0.857, Covariance = 115.775, R-squared = 0.734.
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Figure 78. Mean monthly correlation for H - SO4 , October 1984 - September 1986.
Count = 24, Correlation = 0.511, Covariance = 116.681, R-squared = 0.261.
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Figure 79. Mean monthly correlation for H - Cl, October 1984 - September 1986.
Count = 24, Correlation = - 0.364, Covariance = - 89.813, R-squared = 0.132.
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Figure 80. Monthly volume weighted mean concentration of free acidity, Na*\ NH^ and KH
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Figure 81. Monthly volume weighted mean concentration of free acidity, N a”, NH* K"t Ca and Mg^.
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Figure 82. Mean monthly correlation for Na - Cl, October 1984 - September 1986. 
Count = 24, Correlation = 0.639, Covariance = 164.031, R-squared = 0.409.
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Figure 83. Mean monthly correlation for Na - S04, October 1984 - September 1986.
Count = 24, Correlation = 0.466, Covariance = 110.449, R-squared = 0.217.
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Figure 84. Mean monthly correlation for Na - NO3 , October 1984 - September 1986. 
Count = 24, Correlation = - 0.237, Covariance = - 33.24, R-squared = 0.056*
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Figure 85. Monthly volume weighted mean concentration of Na" and Cl .
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Figure 87. Monthly volume weighted mean concentration of NH4 and K+.
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Figure 88. Monthly volume weighted mean concentration of Ca and Mg .
TABLE XII
Ion Nominal Cone, 
pg/ml
Mean Cone, 
pg/ml
Std.Dev.
pg/ml
Rel. S.D.% 
pg/ml
Bias % Detec. Limit 
pg/ml
Calib.Range
pg/ml
Limit of Linearity 
pg/ml
HCOO- 0.5 0.494 0 .0 1 2 .0 2 - 1 .2 0 0 .0 1 0 .1 - 1 0 > 7
c i- 1 .0 0.996 0.03 3.11 -0 .40 0 .0 1 0 .1 -1 2 > 6
NO3 - 2 . 0 1.964 0.08 4.07 - 1.80 0 .0 2 0 .1 -1 2 1 2
S 0 4 *2 3.0 3.008 0.06 1.96 + 0.27 0 .0 2 0 .1 -1 2 12
PO4 - 3 0 .1 0.098 0 .0 1 6.93 - 2 .0 0 0.03 0 .1 - 1 0 1 0
Li + 0 .1 0.103 0 .0 1 1 0 .6 + 3.00 0 .0 1 0.1-7.0 7
Na + 2 .0 1.990 0.07 3.67 -0 .50 0 .0 2 0 .1 - 1 0 1 0
n h 4  + 1 .0 0.985 0.05 4.77 - 1.50 0 .0 2 0 .1 - 1 0 1 0
M g +2 0 .1 0.106 0 .0 1 8.77 + 6 .0 0 0 .0 2 0 .1 -8 .0 8
Ca +2 0.5 0.495 0 .0 1 1.89 - 1 .0 0 0 .0 2 0 .1 -8 .0 8
Table XII. Precision,detection limits, calibrated range and limit of linearity for sequential determination of standard anions and 
cations in high purity distilled deionized water based on five replicate analyses.
Table XHI
Variable Counts Unit of Measure Maximum Minimum Mean S.D.
P.W .E. 24 Inch 1.03 0 . 1 0 0.54 0 . 2
Conductivity 24 |is/cm 43.38 5.97 18.77 8 . 2
H + 24 |ieq/l 85.11 11.48 35.87 17.3
Na + 24 |ieq/l 105.0 14.18 36.93 18.0
n h 4  + 24 |ieq/l 37.83 4.16 15.63 7.3
K + 24 [ieq/1 10.28 2.58 5.83 1 .8
Ca +2 24 peq/1 22.89 3.32 1 2 .0 2 5.3
Mg +2 24 (ieq/1 2 1 . 2 2 3.21 8.98 4.1
c i - 24 pcq /1 79.25 17.16 47.92 14.2
NO3 - 24 jieq/1 36.88 6.26 19.61 7.7
SO4 - 2 24 |ieq/l 74.05 21.41 46.52 13.1
Cl-/N a + 24 eq/eq 2 . 2 2 0.72 1.40 0.4
SO4  ' 2/Na + 24 eq/eq 4.38 0.58 1.44 0 . 8
Anion/Cation 24 eq/eq 1 .1 1 0.78 1 .0 0 0 .1
Table XIII. Monthly volume-weighted maximum, minimum and mean composition of 
precipitation for period of October 1984-September 1986. P.W.E.= Precipitation Water 
Equivalent.
DETERMINATION OF TRACE METALS IN PRECIPITATION IJTTT JZTNO 
INDUCTIVELY COUPLED ARGON PLASMA
1- Introduction
In terms of development, acceptance, commercialization, and widespread 
everyday usage, the inductively coupled plasma (ICP) has proven to be a highly 
successful new technique for multielement analysis by atomic emission spectroscopy. 
The marked success of this new technique can be attributed to the fact that its 
development came at a time when there was increasing demand for multielement 
analysis and for the determination of a wide concentration range, varying from major 
to minor and to trace levels, of different elements to be determined in the same sample
(106). These analytical demands could not be met efficiently by the currently popular 
atomic absorption technique. Furthermore, the new plasma source overcame many of 
the limitations of the traditional source and possessed unique characteristics of its own 
that made it especially well-suited for multielemental analysis by atomic spectroscopy. 
Traditional excitation sources include combustion flames, arcs, and sparks. Flames 
are limited by relatively low temperatures so that it is difficult, if not possible, to 
analyze refractory elements with high excitation energies, especially at low 
concentration levels. Also, combustion products and flame gases give rise to both 
chemical and spectral interferences. Arcs and sparks are capable of higher excitation 
temperatures, but the nature of the electrical discharges is strongly affected by the 
makeup of the sample. Minor variations in sample composition cause variation in the 
excitation conditions, making a close matching of samples and standards or the use of 
an internal standard necessary. While many trace elemental techniques are available 
for biological and environmental samples, on the basis of the criteria, accuracy and 
precision, and sample throughput, the inductively coupled argon plasma emission 
spectroscopy offers the greatest opportunity.
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2. History oflnductively Coupled Plasma Emission Spectroscopy
The development of inductively coupled plasma began in 1942, when Babat
(107) published his first paper on the properties of electrodeless discharges (108). 
The importance of Babat's papers are that they document the first successful operation 
of ICP at atmospheric pressure. The next significant development in the evolution of 
ICP occurred in the early 1960s, when Reed (109) described his successful approach 
to the stabilization and thermal isolation of these plasmas. Reed's work brought 
attention to three attractive properties possessed by these plasmas that should 
contribute to their usefulness as vaporization cells and free atom reservoirs for 
analytical atomic emission spectroscopy. These properties were:
a. High gas temperature.
b. Capability of being sustained in noble gas environments which is important 
for free atom life time considerations.
c. Freedom from contamination from electrodes, since none were required.
After Reed's successful work, studies of these plasmas were conducted in the
Ames Laboratory in March 1962 by Fassel and at the same time by Wilson in 
Oldburg, England. The first independent publications from these groups appeared in 
late 1964 (110,111). Later significant contributions by other investigators have been 
reviewed (112,113).
Specific goals of the early investigations were to study the behavior o f these 
plasmas when aerosols of solutions were injected into them and to evaluate their 
analytical performance, particularly for trace element determinations. The initial 
results were disappointing, especially when compared to the powers of detection of 
atomic absorption spectroscopy, which was then at the beginning of its phenomenal 
growth.
Progressive improvements in the reduction of radio frequency interference with 
the recording electronics, impedance matching between the high frequency generator
and the plasma, techniques for generating aerosols of solutions, and the efficiency of 
injection of aerosols into properly shaped plasmas resulted in lowering the detection 
limits to as low as sub part per billion levels. These improvements have led to the 
success of inductively coupled plasma in such a way that this technique is one of the 
most commonly used methods for multielemental trace metal analysis of biological, 
environmental and industrial samples.
3. Comparison of Flame and Graphite Atomic Absorption with Inductively Coupled Plasma
An analytical technique is rarely replaced or made obsolete by newer one. 
Techniques usually complement each other and provide a wide range of choice for 
solving an analytical problem. The analyst must choose the instrumental methods 
available which are most appropriate for his or her specific problems. The task of 
choosing among analytical techniques is a difficult one. It requires a clear 
understanding of the analytical problems in your laboratory and of the capabilities of 
the different techniques on hand. Those who are expert in several techniques do not 
always agree on which to use because the grounds for decision are often judgmental. 
Many of the chemists particularly experienced in one technique tend to be partial to that 
instrumental method, but in reality there is no best technique; the choice depends on 
your skills, the problem and the availability of the technique.
Spectroscopic techniques are utilized in many areas o f analytical chemistry and 
each has its own advantages and shortcomings. Flame atomization systems are 
grossly wasteful of samples. Typically only a small fraction (~ ten percent) of the 
nebulized sample is eventually atomized. Dilution of sample due to the height-flow 
rates of primary fuel and oxidant and the expansion of the flame combustion products 
cause low free atom concentration, therefore low sensitivity. The energy provided by 
flames are not ideal for atomization of many refractory metals. For example B, V, Ta, 
and W are only partially dissociated with flame and therefore not readily accessible by
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flame. Samples containing metals such as Mo and the alkaline earths are not fully 
dissociated in flames. Also, elements that have their resonance lines in the very far 
UV are not easily determined, and these include P, S, and halogens. The complex 
chemical reactions that sustain flames are known to generate a highly reactive 
environment hostile to the very existence of free atoms of the elements. Finally, 
exposed combustion flames present a safety hazards in some situations, and as a 
consequence, their use is occasionally prohibited. These shortcomings contributed to 
non-flame atomization systems.
Electrothermal furnace atomizers provide higher analyte free-atom density from 
limited amounts of samples than is possible when flames are used as atomization cells. 
Electrothermal atomic absorption also allow greater freedom of choice in the selection 
of environments more favorable to the existence of free atoms. On a relative or 
concentration basis, furnace detection limits are 1 0  to 1 0 0  times better than flame and 
for some metals comparable or even better than ICP. The electrothermal techniques 
also present inherent problems. Among the foremost of these limitations is the 
inability to perform simultaneous multielemental determinations if conventional atomic 
absorption spectroscopic techniques are utilized. Efforts are being made to adapt 
atomic absorption to simultaneous multielemental determinations, but problems related 
to the development have not been solved successfully (105). These difficulties are 
imposed by the desirability of optimizing critical vaporization-atomization parameters 
for each element, whereas, for simultaneous multielemental capability, a single set of 
operating parameters should be sufficient for all metals present. Furnace elemental 
determinations are slow, typically several minutes per element per sample. Another 
important limitation of electrothermal atomic absorption techniques is their sensitivity 
to serious interelement interference effect (114). Other shortcomings in electrothermal 
methods include recombination of nucleation of the free atoms after atomization, 
premature volatilization of relatively volatile compounds (for example lead chloride)
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that are not atomized at the low temperatures at early vaporization stages, variable or 
incomplete analyte vaporization of the sample from the substrate, spectral background 
interferences that may arise from non-specific absorption or scattering of the primary 
beam, nonlinearity or limited concentration ranges in analytical curves, volatile 
constituents that may be lost in the drying, charring, or ashing cycles, and 
reproducibility may be affected by variations in the physical state of the substrate from 
which the sample is vaporized. Efforts are made to avoid of reduce the magnitude of 
these inherent problems. Robin (115) has reported a reduction or elimination of 
interelement interferences in a vaporization-atomization process which utilizes matrix- 
analyte separations prior to analysis of sample. Alternatively, a variety of standard 
addition, matrix compensation, matrix matching, or sample composition modification 
procedures, such as the molybdenum addition technique, may be used to reduce the 
magnitude of the interelement effects. However, most o f these procedures only 
temper the magnitude of the interferences for specific analyte and the basic problems 
remain unresolved.
Inductively coupled plasma is a new analytical system for the simultaneous 
determination of trace elements at the fractional microgram to nanogram level. Atomic 
emission spectroscopy inductively coupled plasma approach offers the potential 
advantages of:
a. Being able to perform simultaneous multielemental analysis.
b. Possesses an unusual degree of freedom from interferences.
c. Small volume of samples needed.
There are several kinds o f plasmas that have been considered for analytical 
instrumentation such as arc and spark, but the most widely used by far is the 
inductively coupled argon plasma. The ICP provides detection limits for most 
elements that are within a factor of two or three times those of flame atomic 
absorption. Refractory elements and those elements that are only partially dissociated
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in the flame usually are completely dissociated by the higher temperature achieved in 
inductively coupled plasma. It is for this reason that ICP has been spoken of as freer 
o f chemical interferences than flame atomic absorption. However, interferences of 
other sorts are present in ICP. For instance, high concentration of inorganic matrix 
can shift the location of the hot portion of the plasma and therefore alter the signal for 
specific analyte. Spectral interferences are important for ICP, and different lines are 
preferred for a specific element in different matrices. This sometimes requires that 
spectroscopic skills be used to solve some difficulties inherent with these analytical 
problems. With regard to ease of operation, method preparation and for a-few-of-a- 
kind samples, flame atomic absorption is much simpler than ICP. But, once a method 
has been developed, a well designed ICP spectrometer has a definite advantage. 
Although ICP method developments do not require exceptional talents, nevertheless 
the ICP method development still is reasonably time consuming. For ICP, the search 
for and the avoidance of spectral interferences constitutes the largest difficulty. But an 
examination of background effects also must be made for each element, and it is 
desirable to select the observation height, the plasma power, and the sample aspiration 
rate, ss well as to prepare compatible multielement standards. In flame atomic 
absorption, on the other hand, it is necessary only to follow the rather simple 
instructions in the manufacturer’s "cook book" for most analyses.
4. Detection Limits
The comparison of detection limits can be confusing when techniques such a flame 
AA, ICP and furnace AA are compared. ICP and flame AA are steady state 
techniques. The signal is determined after the sample has been aspirated long enough 
for the signal to come to some final equilibrium value. Thus, flame or ICP detection 
limits are usually related to concentration, with the assumption that the amount of 
sample is unlimited. On the other hand, the furnace technique uses the entire sample
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and detects an absolute amount of the analyte element. To compare the three 
techniques on the basis of concentration ignores the advantage of the furnace, which 
can handle veiy small samples. But it is meaningful to the analyst who has unlimited 
sample and does not care about small sample volumes. To compare the techniques on 
the basis of absolute detection limits (say in picograms) is meaningful for those 
analysts who are working with very small amounts o f biological tissues, 
semiconductor materials, or fragrants of forensic or art materials. Detection limits for 
flame AA and ICP are rather complementary. Detection limits for some metals such as 
Mg, Cu, Ca, and Mn are similar utilizing flame AA or ICP. Refractory metals like Ti, 
V, and Ba tend to be poor by the flame AA, but better when employing ICP. In 
contrast, the very volatile, heavy metals such as Cd and Zn are very good by flame AA 
and slightly poorer utilizing ICP. If the lowest detection limit with smallest sample 
size that an be obtained with spectroscopic techniques is needed, the graphite furnace 
is the method of choice. On a relative or concentration basis, furnace detection limits 
are 10 times better than flame AA or even ICP. This is specially true for heavy metals 
such as Zn, Cd, Mg, Ag, Al, Cr, and Mn.
5. How Does It Work ?
Inductively coupled plasma emission spectroscopy is based on the observation of 
atomic emission spectra when samples in the form of an aerosol, thermally generated 
vapor, or powder are injected into an inductively coupled plasma atomization 
excitation source. Traditional excitation sources have included combustion flames, 
arcs, and sparks. Flames are limited by relatively low temperatures so that it is 
difficult, if not impossible, to analyze refractory elements or elements with high 
excitation energies, especially at low concentration levels. Also, combustion products 
and flame gases give rise to both chemical and spectral interferences. Arcs and sparks 
are capable of higher excitation temperatures, but the nature of the electrical discharge
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is strongly affected by the makeup of the sample. Minor variations in sample 
composition cause variation in the excitation conditions, making a close matching of 
sample and standards or the use of an internal standard necessary. The ICP excitation 
source is an electrodeless argon plasma operated at atmospheric pressure and sustained 
by inductive coupling to a radio frequency electromagnetic field. ICP has offered an 
exciting possibility for a vaporization-ionization cell utilized in atomic emission 
spectroscopy.
To appreciate the course of events that led to the formation of inductively 
coupled plasma, it should be recalled that the high frequency current flowing in an 
induction coil generates an oscillating magnetic field whose lines of force are axially 
oriented inside the coil. The induced magnetic fields are time varying in their direction 
and strength, therefore, the electrons and ions are accelerated on each half cycle. The 
accelerated electrons and ions meet resistance to their flow, joules or ohmic heating is 
a natural consequence, and additional ionization occurs, Figure 89. The steps 
discussed above may lead to the formation of a plasma of extended dimensions, if 
argon flows of the proper configuration and magnitude pass through the coil and the 
output impedance of the generator is properly matched to the plasma. The overall 
plasma configurations are based on the concept developed by Reed (116). As shown 
in Figure 89, suppose we take a quartz tube of approximately 2.5 cm diameter and 
place it inside a coil connected to a high-frequency generator operating at typically 
27.12 MHZ and generator output levels of 2-5 KW. When the generator power is 
turned on, nothing happens because, argon is a non conductor. To form a plasma it is 
necessary to plant a "seed' of electrons in the coil space by "tickling" the tube with a 
Tesla coil. Given the proper flow pattern of argon inside the tube, the plasma is 
formed spontaneously after a few popping flashes at the open end of the tube. Plasma 
formed in this way has an appearance of very intense, brilliant white, semi­
transparent, core with a flame-like tail. The hottest region of the plasma is located
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inside of the outer tube and extends a few millimeter above the top of the induction 
coil. The temperature profile of the plasma varies from 6000-10,000 °K with the 
maximum temperature in the eddy current region, Figure 90. The sample does not 
actually pass through this region but rather through the open core of the induction 
torus, where it experiences temperatures in the range of 6000-8000 0 K during a two 
to three millisecond residence time. Temperature decreases with height above the coil. 
This affects the choice of observation height for analysis. Refractory elements require 
higher temperatures. Alkali elements and other easily ionized species generally are 
viewed where the temperature is more moderate. The typical observation height is 15- 
2 0  mm above the top of the induction coils, where the excitation temperature is of the 
order of 6500 °K. It is interesting to compare the temperature in the ICP with those of 
other atomization- excitation sources. The ICP temperature is higher than that typical 
o f flames and graphite furnaces (2000-4000 ° K), slightly higher than dc arcs (4000- 
7000 °K), and lower than sparks (10,000 ° K). Knowing that in the regions of 
maximum eddy current flow, temperature is in the 6000-10,000 ° K range, it is 
desirable to provide some thermal isolation of the plasma to prevent overheating of the 
quartz contained cylinder. This isolation is achieved by Reed's vortex stabilization 
technique (117), which utilizes a flow of argon that is introduced tangentially in the 
manner shown in Figure 91. The tangential flow of argon, which is typically about 10 
L / min, streams upward cooling the inside wall o f the outermost quartz tube and 
centering the plasma radially in the tube. The plasma itself is anchored near the exit 
end of the concentric tube arrangement. In addition to the vortex stabilization flow of 
argon, there is another lower velocity flow of approximately 1 L / min that transports 
the sample to the plasma either as an aerosol, a powder, or thermally generated vapor.
6 . Simultaneous vs Sequential
Instruments utilized in inductively coupled plasma-atomic emission spectroscopy
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Figure 90. Temperature profile in a typical inductively coupled plasma source (83).
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are of two types, simultaneous multielement spectrometer Figure 92, and sequential 
spectrophotometer, Figure 93. The simultaneous instruments are capable of detecting 
and measuring emission lines for a large number o f elements simultaneously. 
Sequential instruments, on the other hand, measure line intensities for various 
elements on a one by one basis. Therefore, the total excitation time required for a 
multielement analysis will be significantly greater with the sequential instruments and, 
as a consequence, such instruments are considerably more costly in terms of elapsed 
time and sample consumption (83). Sequential spectrometers employ the use of a 
scanning monochromator, usually computer interfaced for drive control and data 
storage, manipulation , and display. The light emitted by the sample in the plasma 
source is focused on the entrance slit of the monochromator, and the spectrum is 
scanned through the region of interest Scan and integration time at each analysis line 
can be varied. With a typical integration time of two seconds at each line, it is possible 
to determine several elements in the sample per minute. Most instruments of this type 
use a mercury lamp for wavelength calibration.
The simultaneous determination of several elements in the same sample is 
accomplished by the use of a polychromator or direct reading spectrometer, designed 
on the principle o f the Paschen-Runge optical mounting. The image of the emitting 
source is focused onto the entrance slit of the polychromator and the resulting light is 
wavelength dispersed by a diffraction grating. The different analytical wavelengths 
fall on preset exit slits arranged along the focal curve, behind which there are 
individual photomultiplier tubes. The resulting electrical signals are amplified, 
processed, and passed on to a computer for data handling. In this manner, as many as 
fifty elements in a sample can be determined and reported in only a few minutes. 
Although the first commercial ICP-AES instruments were the simultaneous type 
equipped with polychromator design technology, recent advances in wavelength scan 
mechanisms which ensure good speed and accuracy have resulted. This is a trend
ICP Source
Photomultiplier
de tec to r
Exit slits
Q
Entrance
slit
Diffraction
grating
Figure 92. Simultaneous inductively coupled plasma utilizes a polychromator (118).
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Figure 93. Sequential inductively coupled plasma with variable wavelength 
monochromator (118).
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toward emphasizing the advantages of sequential scanning spectrometers. While 
polychromators offer speed in multielemental analysis for routine determination of the 
same set of elements in large numbers of samples of similar composition, the scanning 
monochromator system offers greater flexibility, allowing the analyst to easily change 
the choice of wavelength to be observed or to scan qualitatively a spectral region of 
interest. This is an advantage for determination of a large number of elements in 
sample of varying composition where spectral interferences may necessitate the use of 
different spectral analysis lines in samples. Thus the choice is between speed of the 
simultaneous instrument or use of a sequential technique.
7. Sample Injection into the Plasma.
Samples are most commonly introduced into the plasma as aerosols generated 
from aqueous or organic solutions either by pneumatic or ultrasonic nebulization 
techniques, Figure 94. Samples in this form are most convenient for direct 
examination of liquids. Solid samples may be dissolved in a suitable liquid, but direct 
solid sampling without dissolution is advantageous. Aerosols of solid metallic 
particles have been produced by ultrasonic nebulization of molten metals. The injected 
particles, which are typically pm in diameter, are transported to the plasma by the 
same argon flow that ejects sample material into the axial channel of ICP's discharge.
If plasmas are to be used as efficient free-atom generators, the samples should be 
effectively injected into the plasma and remain in the interior high temperature 
environment as long as possible. This physical condition has been difficult or 
impossible to attain in many plasma systems suggested for analytical purposes, and 
the plasmas present a problem as well, because the gases are heated internally and 
expand in a direction perpendicular to the exterior surface of the plasma. There is also 
an excess magnetic pressure along the axial channel of the plasma that causes 
downward flow of plasma toward the tail of the flame. This effect opposes the entry
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Figure 94. A typical nebulizer for sample injection into a plasma source (83).
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of sample particles into the plasma. Therefore, sample injection must overcome the 
expansion thrust of hot gases without causing the plasma to collapse.
If the plasma itself is generated at lower frequencies (~ 5 MHZ) a teardrop-shaped 
plasma, Figure 95a, tends to be formed. Sample material that approaches the plasmas 
tends to follow a rather disconcerting path around the outside surface, and are not 
exposed to the high temperature portion of the plasma, on the other hand, because of 
the skin depth of induction heating, most of the forward power into the plasma is 
dissipated near the surface of the plasma. Therefore, ICPS tend to assume a toroidal 
or annular shape in the energy input region, Figure 95b. The energy to which the 
annular discharge is developed depends on the frequency of the current flow, the torch 
configuration, and the argon aerosol-carrier flow. This flow must overcome the 
dynamic forces that oppose entry of sample material into the plasma. When the 
frequency of the current flow is increased to about 30 MHZ, the annular discharge is 
more effectively punctured by low aerosol-carrier flow rate. At about 30 MHZ, a 
carrier gas flow of ~ 1 L /min ensures effective injection of sample into the plasma. In 
this way, sample aerosols are exposed to a uniform hot portion of plasma and a better 
sensitivity and reproducibility is achieved.
8 . Equipment and Methods
A Jarrell-Ash (Division of Fisher Scientific Company) Atom Comp Series 800 
ICP equipped with Silent 700 ASR Electronic Data Terminal (Texas Instrument Inc.) 
was utilized for determination of the trace metals present in precipitation. This 
instrument has fixed detectors and background correction capability for Fe, Mn, Ca, 
Mg, P, Si, Al, Mo, Cu, Zn, Pb, Cd, Cr, Ni, As, Na, and K. Normally, it is found 
that background correction is not necessary for typical water samples, soil extracts, 
and plant digests. Also, the instrument is equipped with one adjustable detector (N + 
channel)which can be tuned to measure more than 30 other elements. The adjustable
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channel could be used on two emission lines for a given element to confirm the 
concentration readout. Some of the analytical performances of the Jarrel-Ash ICP are 
as follows:
Detection limits are within range of 5 to 95 parts per billion depending on the type 
of trace metal being measured, Tables XIV and XV. Detection limit here is defined as 
twice the standard deviation of a blank reading. Precision is <1% RSD (relative 
standard deviation) for most elements at the 1 0  ppm level.while stability is 2 % or 
better for most elements. Automatic correction was employed for interelement 
interferences. Emission lines for some elements give a positive interference for other 
elements but background correction will eliminate this type of interference by 
measuring and subtracting baseline emission intensity adjacent to the wavelength of 
interest from the peak emission intensity. Another way of correcting for interferences 
is to establish the nature and magnitude of the interferences , then to program the 
instrument's computer with the appropriate correction factor. The instrument must be 
standardized and three solutions were utilized for standardization: 1- A blank solution 
(high purity distilled deionized water acidified with 15% V/V ultra pure nitric acid). 2- 
Another solution containing 10 ppm of Fe, Mn, Ca, Mg, Al, Mo, Cu, Zn, Pb, Cd, 
Ni, As, Na , and K. 3- The third solution containing 10 ppm of P, Si, and Cr. 
Combinations of certain standards cause elemental interactions (i.e., formation of 
precipitates) and should be avoided. To avoid clogging of the nebulizer with 
particulates,samples are filtered with a 0.45 pm  millipore filter. Tables XIV and XV 
display the precision of standardization, detection limits and dynamic range of 
elements of interest.
9. Results and Discussion
In another part of this study, precipitation samples were collected from three 
different sites (Figure 8 ) and subjected to analyses with inductively coupled argon
plasma for the purpose of characterization of the trace metals in Baton Rouge's 
rainwater. The results of analyses of trace metals in Baton Rouge's precipitation are 
displayed in Tables XVI, XVII, and XVIII. Compounds containing these metals 
mainly are added to the atmosphere by sea-spray, soil erosion and anthropogenic 
emission. Other sources of trace elements in precipitation are farming, construction, 
and decay of organic materials in the form of birch cone scales and pollen, seeds and 
bark fragments transported by wind. Bloch and Dams (35) have reported the presence 
of 44 heavy trace elements in precipitations originating from the combustion of coal 
and fuel oil. In addition, the halogens, Hg, Se, As, and Sb, are volatilized during 
combustion. An inventory of the fly ash emission for coal and fuel oil, indicates that 
for 29 elements out of a total of 34, coal combustion is a more important source of 
particulate air pollution than the combustion of fuel oil. Several elements, emitted as 
fly ash or as gases during coal combustion, may become a hazard to the environment 
because of their toxicity of their contribution to the formation of toxic compounds. 
Consequently, it is necessary to report accurate and reliable data on the composition of 
coal and fly ash and on the emission factor of the individual elements. Cheng et al. 
(119), reported the presence of Mg, Ni, V, and Fe, as the major elements and Pb, Cr, 
Ca, Al, K, Ti, and Cu as the minor elements originating from fly ash emitted from oil- 
fired power plants. The fly ash from the coal-fired power plants contains Ca, Al, K, 
Ti and Fe as the major elements and V, Mg, Ni, Mn, and Cu as the minor.
The metals in fly ash such as Fe, V, Cr, Mn, and Cu could possibly play a 
catalytic role in oxidizing sulfur dioxide into sulfates. For example, vanadium 
pentoxide has been used to oxidize sulfur dioxide to sulfur trioxide. In addition, 
vanadium (V) is the most stable oxidation state of vanadium at high temperatures. The 
fly ash emitted from a fiery smoke stack is known to contain vanadium. Therefore, 
the pathway for the conversion of sulfur dioxide to sulfuric acid with oxygen and
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water in the presence o f vanadium (V) can be explained by the following mechanism 
(119):
Conversion of Sulfur dioxide to Sulfuric Acid
2V5+ + SO2  + O2- 2V4+ + SO3 (31)
SO3 + H20  H2SO4  (32)
2V4+ + l /2 0 2  2V5+ + O2’ (33)
SO2  + H2 O + 1/202-— V 5 + _  H2 SO4  (34)
Also, chromium oxide, ferric oxide, and other oxides are known to be catalysts in 
the conversion of sulfur dioxide to sulfate. In addition, Mn(II) and Cu(II) play a 
considerable role in the environmental production of sulfuric acid. The fact that fly 
ash contains vanadium, iron, copper, chromium, and manganese strongly supports 
the theory that fly ash on the surface of marble and other construction materials 
behaves as a catalyst for oxidation of sulfur dioxide to sulfate, causing the 
deterioration of these substances.
As is displayed in Tables XVI, XVII, and XVIII, there are a large number of 
major and minor trace elements present in Baton Rouge's precipitation. The results 
displayed in these tables are the mean concentration values of these trace metals based 
on three replicates, with similar statistical values as those presented in Tables XIV and 
XV. Concentrations of the major cations in rain water mainly Na +, K +, Mg +2, and 
Ca +2 determined utilizing ICP are similar to measured values obtained when cation 
chromatography was employed. Hendry et al. (80) reported similar concentrations of 
Na + , K +, and Ca +2, but the concentration of Mg +2 in Baton Rouge precipitation is 
lower than those of Central Florida's rain water. Concentrations of Na +, Ca +2, Mg 
+2, Fe, and Mn are similar to those reported by Liljestrand and Morgan (81).
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However, the concentration o f K +, is higher and concentrations of Al and Pb are 
lower in Baton Rouge precipitation compared with those of Pasadena California’s 
rainfall. Magnesium and calcium are bonded to carbonates and sulfates, while 
chlorides are of little importance quantitatively. This also holds true for the potassium 
compounds. Examples o f anthropogenic emission of potassium, magnesium and 
calcium are ash from the combustion of coal or oil and exhaust from processing 
industries. Concentrations of Na + and K + in Baton Rouge precipitation are similar 
but Ca +2 and Mg +2  concentrations are higher than those reported for northeastern 
Florida's rain water by Madsen (79).
The pattern of higher concentrations in precipitation found for the major cations 
was less pronounced for heavy metals, except for Cu, Zn, Pb, Si and Al. Also,the 
concentrations of Cu and Zn are higher than other minor elements mainly, Cd, Cr, Ni, 
As, Fe, Mn, and Mo. Lead concentrations are higher than other trace metals. Lead in 
the rain samples may partially originate from automobile emission. Heavy metal 
concentrations in wet-only rainfall collected at Tampa Florida (120) in the late 1966 
and early 1967 ranged from 40 to 70 |j.g/mL for Zn and from 5 to 15 |ig/mL for both 
Cu and Pb. These concentrations are similar to the values obtained from analyses of 
Baton Roouge precipitation, except for lead. Lead concentrations are higher in Baton 
Rouge rainfall compared with those of southwest Florida. Concentrations of Cu, Zn, 
Pb Si, Al, and B are higher than those of other heavy metals in Baton Rouge rain 
water. Aside from coal and fuel fired power plants as the source of these elements, 
Cu and Zn can originate from sea-spray. Automobile emissions especially those 
consuming leaded gasoline, are the major source of lead in the atmosphere and 
precipitation. Silicon, aluminum and boron originate from dust, fanning and 
construction activities.
TABLE XIV
Element Nominal Cone 
ng/ml
Max. Cone, 
ng/ml
Min. Cone, 
ng/ml
Mean Cone, 
ng/ml
Std.Dev.
ng/ml
Detection Limit 
ng/ml
Dynamic Range 
ng/ml
Cu 10 10.07 9.96 10.01 .02 20 100
Zn 10 10.09 9.99 10.07 .01 10 40
Cd 10 10.09 9.95 9.99 .04 10 100
Pb 10 10.07 9.96 10.00 .02 25 100
Cr 10 10.10 9.89 9.99 .03 5 100
Ni 10 10.04 9.98 10.00 .01 25 100
As 10 10.05 9.89 10.00 .03 15 75
Fe 10 10.06 9.93 9.99 .02 20 100
Mn 10 10.05 9.98 9.96 .01 10 100
Table XIV. Precision, detection limits, and dynamic range of sequential determination of trace metals in standard solution utilized 
to measure concentration of corresponding metals in precipitation. Standards were prepared in acidified distilled deionized water. 
Values for Maximum, Minimum, Mean, and Standard deviations are rounded to the nearest digit.
TABLE XV
Element Nominal Cone 
ng/ml
Max. Cone, 
ng/ml
Min. Cone, 
ng/ml
Mean Cone, 
ng/ml
Std.Dev.
ng/ml
Detection Limit 
ng/ml
Dynamic Range 
ng/ml
Ca 10 10.07 9.98 10.01 .01 20 100
Mg 10 10.08 9.99 10.00 .01 10 40
Mo 10 10.08 9.97 10.01 .02 10 100
Si 10 10.03 9.96 10.00 .03 25 100
P 10 10.09 9.97 10.02 .04 5 100
Al 10 10.07 9.98 9.99 .02 25 100
K 10 10.08 9.96 9.96 .02 15 75
Na 10 10.09 9.94 10.00 .02 20 100
B 10 10.03 9.97 10.00 .01 10 100
Table XV. Precision, detection limits, and dynamic range of sequential determination of trace metals in standard solution utilized to 
measure concentration of corresponding metals in precipitation. Standards were prepared in acidified distilled deionized water. 
Values for Maximum, Minimum, Mean, and Standard deviations are rounded to the nearest digit.
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Table XVI
Date
Na K
Concentration, (j. g ml-1 
Mg Ca Cu Zn
7/4 0.3827 0.5072 0.0376 0.3747 0.0260 0.0390
7/17 0.2090 0.3400 0.0354 0.4110 0.0108 0.0227
7/21 0.6255 0.0901 0.0478 0.3725 0.0238 0.0726
7/27 0.7002 0.8261 0.1288 1.3420 0.0235 0.0795
8/3 0.1773 0.9237 0.0590 0.6061 0.0053 0.0362
8/6 0.3231 0.5434 0.0472 0.3126 0.0082 0.0430
9/14 0.6182 0.7279 0.0668 0.1479 0.0062 0.0094
10/15 0.3026 1.0430 0.0367 0.2234 0.0115 0.0251
10/22 0.9500 1.1390 0.1340 0.5285 0.0084 0.0289
10/23 0.5616 0.9404 0.0501 0.2074 0.0063 0.0111
10/24 0.4075 1.1020 0.0428 0.1888 0.0106 0.0210
10/27 0.2688 0.9818 0.03 0.1316 0.0083 0.0082
10/31 0.5162 1.0380 0.0634 0.2122 0.0131 0.0285
10/14 2.2240 1.7340 0.5063 5.5630 0.0126 0.1835
Table XVI. Detection of trace soluble metals in wet-only precipitation using
Inductively-Coupled Plasma.
Table XVH
Date
Cd Pb
Concentration, p  g m l'1 
Cr Ni As Fe
7/4 0.0080 0.0190 0.0014 0.0048 0.0090 0.0000
7/7 0.0019 0.3570 0.0018 0.0045 0.0094 00000
7/21 0.0046 0.0502 0.0023 0.0031 0.0152 0.0000
7/27 0.0049 0.0953 0.0027 0.0055 0.0050 0.0229
8/3 0.0015 0.0815 0.0031 0.0047 9.0E-4 0.0074
8/6 0.0033 0.1130 0.0013 0.0037 8.0E-4 0.0157
9/14 8.0E-4 0.0297 0.0018 0.0047 0.0680 0.0022
10/15 0.0017 0.0428 0.0058 0.0074 0.0195 0.0091
10/22 0.0077 0.0455 0.0040 0.0102 00.035 0.0097
10/23 0.0022 0.0488 0.0049 0.0053 0.0283 0.0090
10/24 0.0026 0.0657 0.0044 0.0084 0.0105 0.0038
10/27 0.0027 0.0585 0.0058 0.0091 0.0273 0.0134
10/31 0.0299 0.0712 0.0058 0.0080 0.0326 0.0185
11/14 0.0048 0.0612 0.0072 0.0133 0.0426 0.0160
Table XVII. Detection of trace soluble metals in wet-only precipitation using
Inductively-Coupled Plasma.
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Table XVDI
Date
Mn Mo
Concentration, (I g ml' 1 
Si P Al B
7/4 0.0061 0.0019 0.0435 0.0314 0.0499 0.0481
7/17 0.0057 5.0E-4 0.0304 0.0229 0.0775 0.0575
7/21 0.0055 7.0E-4 0.1415 0.0000 0.0000 0.0409
7/27 0.0126 0.0022 0.0789 0.0002 0.1405 0.0232
8/3 0.0077 0.0012 0.0381 0.0163 0.1363 0.0326
8/6 0.0033 0.0019 0.0281 0.0000 0.0978 0.0483
9/14 0.0025 0.0017 0.0321 0.0237 0.1612 0.0537
10/15 0.0043 0.0048 0.0238 0.0225 0.2290 0.0888
10/22 0.0057 0.0050 0.0436 0.0397 0.2195 0.0500
10/23 0.0045 0.0056 0.0722 0.0785 0.2312 0.0547
10/24 0.0038 0.0051 0.0779 0.0481 0.2904 0.5683
10/27 0.0003 0.0057 0.0255 0.0351 0.2492 0.0905
10/31 0.0044 0.0065 0.0344 0.0399 0.2650 0.0671
10/14 0.0291 0.0073 0.1492 0.1386 0.2936 0.0671
Table XVEI. Detection of trace soluble metals in wet-only precipitation using
Inductively-Coupled Plasma.
CHAPTER TWO
THE SYNERGISTIC EFFECTS OF ACIDITY AND ALUMINUM ON FISH 
(GOLDEN SHINERS - NOTEMIGONUS CRYSOLEUCAS1 
INTRODUCTION:
Recent studies have reported a pH values (4.0-5.0) for rain and snow in the 
United States and many parts of Europe, e. g. (1,2). Acidification of lakes by acidic 
precipitation has been responsible for extinction of acid-sensitive aquatic species and 
disruption of primary production and nutritional food web within the affected 
ecosystem. Direct and indirect injury to crops and other vegetation by acidic 
precipitation has been postulated based on laboratory, greenhouse, and field 
experiments. The effects of lowering pH on fish, plant species, and other numbers of 
fresh water ecosystem are well documented (2,121,122).
The increasing acidity o f fresh water lakes and streams offers to be a major 
environmental factor stressing aquatic ecosystems in Europe and North America 
(123). Although the effects associated with acid deposition include those on soil, 
forest, crops and materials, conclusive evidence exists only for injuries to aquatic 
ecosystems. A large body of evidence indicates that chemical and biological 
alterations can take place in lake and streams. The most visible of these alterations is 
in the loss in fish population.
The death of fish in acidified fresh water lakes and streams has been investigated 
both in the laboratory and in the field. Various factors that affect the tolerance of fish 
to acidic waters have been identified, among which are species, strain, age, and size of 
the fish and physical factors including temperature, season, and hydrology (124). The 
available data are for experiments conducted with fish maintained at constant pH. On 
the other hand, there are no data available on the effects of transient pH changes on 
fish survival.
Laboratory studies have indicated that the higher the water temperature, the
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shorter the survival time. Survival of a species has also been found to vary with the 
season. Thus, increased acidity occurring at different times of the year or at different 
temperatures may differ in toxic effects (124).
1. Acidification of the Lakes
Lake acidification is the inability of a lake to neutralize inputs of hydrogen ion to 
the system. It is a serious threat to aquatic life. In regions where the acid-neutralizing 
capacity of soils and water is low, the pH of lake and streams decreases and the 
concentration of metals increases. Aquatic organisms have been affected in all trophic 
levels, abundance, production, and growth have been reduced and sensitive species 
have been lost. Fish have suffered acute mortalities, reduced growth, skeletal 
deformation and reproduction failure (125,126).
The acidity of fresh water lakes reflects both the acidity of precipitation and the 
capacity of watershed and the lake itself to neutralize incoming acid. Schofield (122) 
indicated that the acidification of lakes is analogous to a large-scale chemical titration.
The titration end point for each lake affected is determined by its hydrology and the 
capacity of the soils in the drainage basin to neutralize the incoming acid. Hardness of 
water is associated with alkalinity and, therefore, with the increased capacity of the 
water to neutralize or buffer the acidity entering a lake.
Acidification of ecosystems underlain by siliceous bedrock may be attributed to 
the relatively short hydrologic retention time for water and relatively slow mineral 
dissolution kinetics that limit hydrogen ion neutralization within the edaphic 
environment.
The source of acidification of the lakes is controversial. Many investigators 
believe that the hydrogen ion input to lakes results from increased concentration of 
acidic compounds from atmospheric sources (127). Other potential sources of 
hydrogen ion include weathering and oxidation of reduced sulfur minerals and the
generation of organic acids within the ecosystem from organic litter decomposition. 
Others believe that lakes have been acidified for thousands of years, thus acidification 
is not a recent phenomenon. Confusion originated from similarities between naturally 
acidic lakes and those that have been acidified by airborne pollutants within the past 
few decades. The erroneous conclusion that follows is that all acidification is natural 
and therefore not of recent anthropogenic origin. There are considerable differences 
between naturally acidic, brown water lakes, which are also known as dystrophic 
lakes, and anthropogenically acidified clear-water lakes. In some cases, these 
differences are quite visible to the observer without sophisticated sampling equipment 
and detailed chemical analysis. Naturally acidic bog lakes usually have brown to 
yellow water. This color is caused by the presence of humic substances, that is, fluvic 
and humic acids, which are the primary organic acids contributing to the low pH. 
Dissolved organic carbon concentrations are high while transparency is low in these 
waters. In contrast, lakes that have been acidified by acid deposition generally have 
clear water, with greater transparency at lower pHs (128,129). This increased clarity 
in anthropogenically acidified lakes has been attributed to reduced phytoplankton 
biomass and to precipitation of organic matter by aluminum (130) and to dissolution of 
iron and manganese colloids (131). Inorganic acids, particularly sulfuric and nitric 
acids, predominate in these lakes. Dissolved organic carbon concentrations are low, 
seldom exceeding a few milligrams per liter.
Stream water input to the lakes might be thought to originate from two sources. 
First there is the water that has had substantial contact with the soil. This ground 
water is usually relatively high in pH ( > 6.5) and dissolved salt. The second type is 
water from atmospheric precipitation entering the watershed. This water enters the 
ecosystem during rainfall and snowmelt and dilutes the ground water. Atmospheric 
precipitation with high levels o f hydrogen ion ( pH < 4.5 ), enters the ecosystem and 
changes the water quality of the surface water. These changes include anion retention
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( e.g., sulfate adsorption ), weathering of minerals as a source of base cations ( Ca,
Mg, Na, K ) and aluminum (Al), adsorption and exchange of base cations and 
aluminum, and alkalinity generation by dissolution of carbonic acid with subsequent 
exchange of hydrogen ions for base cations. Also, acid deposition may enhance the 
scavenging of atmospheric contaminants, mobilize natural and synthetic pollutants and 
promote corrosion of drinking water pipes (132,133).
Eveiy environmental hazard has its own biological monitor. Birds carried in to 
mines warned miners of the presence of deadly but odorless carbon monoxide and 
methane gas. Dead fish may be the biological monitor for acid rain. In 1975 Cornell 
University scientists surveyed 214 high-altitude Adirondack lakes. Eighty-two of 
these were depleted of fish; 51% had a pH of 5 or less, a value critical to the survival 
o f fish. In contrast, in the 1930's only 4% of the lakes supposedly had a pH below 5.
In some lakes calcium compounds (lime) has been added to lakes as a short lived 
corrective measure. Limed lakes are able to maintain the pH at a level viable for fish 
for two or three years.
A critical unanswered question, however, is how quickly and to what extent 
these processes control surface water quality changes in response to changes in 
atmospheric deposition of sulfuric and other acids in rain water. In most cases, direct 
observation of the dynamics of these changes will require lengthy and costly series of 
water quality measurement (134).
It is soil and sediments in the lake and watershed that neutralize more than 90% 
o f the acid precipitation. Only a small amount of acid ever gets to the surface water 
directly and that usually occurs during the spring when the accumulated snowmelts, 
flushes rapidly into lakes and streams and temporarily overcomes the buffering 
capacity of these waters.
The acid in rain is neutralized by dissolving and mobilizing metals from the soil 
(20,135). Among the metals mobilized is aluminum, which in combination with high
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acidity, is toxic to fish as well as for some birds whose diets are made up of insects 
from the shore line of the affected streams and lakes (121). During snow melt, the 
mobilized aluminum is carried with the run off to the surface water. The toxicity of 
aluminum varies with pH and the presence of complexing agents. For aluminum in 
the hydroxyl form, toxicity is highest at pH 5, and declines at both higher and lower 
pHs. Aluminum complexed with with organic matter is not toxic to organisms. At 
pH 5, aluminum concentrations of 0.2 mg/liter or greater caused gill hyperplasia and 
mucus secretion in brook trout (122), and exposure to concentration of 0.15 mg/liter at 
pH 5 caused loss of blood ions and clogging of gills with mucus in brown trout (136).
2. Aluminum Chemistry
Aluminum is one of the most abundant constituents in the outer portion of the 
earth's crust. Aluminum oxide is extremely insoluble and is generally retained within 
the edaphic environment. As a result, aluminum species concentrations in natural 
waters are generally low (l(k5 to 10-6  mole/L).
A diagram of aluminum-water system in equilibrium with Gibbsite is displayed 
in Figure 96, (137). The true hydroxide Al(OH )3  is obtained as a crystalline white 
precipitate when carbon dioxide is passed into alkaline "aluminate" solutions. It 
occurs in Nature as Gibbsite. When an aluminum salt of a non-complexing acid is 
dissolved in pure water, it dissociates to form the free aluminum "aqua" ion,Al 
(H20)6+3- Solutions of aluminum ion are acidic because of the hydrolysis equilibrium 
shown below:
A1 (H20 )6+3 + H20  A1 (H20 ) 5 OH+2 + H 30+  (38)
Progressive hydrolysis of the aluminum ion leads to the univalent ion and finally 
colloidal aluminum hydroxide, as follows
A1 (OH)+2 + h 20  A1 (OH)2 + + H+ (39)
A1 (OH) 2+ + H20  ^  A1 (OH) 3 + H+ (40)
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Figure 96. Aqueous aluminum in equilibrium with Gibbsite (137).
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In basic solutions, aluminum hydroxide exhibits its amphoteric nature by 
conversion to the aluminate anion
A1 (OH)3 + H20  ^  A1 (OH)4 - + H+ (41)
At very low pH values, aluminum is almost entirely in the free (aqua) form and 
the total concentration of aluminum ion in aqueous solution is quite high. As the 
solution pH increases aluminum hydroxide complexes, Al(OH)2+ become significant.
The total concentration of aluminum ion decreases as aluminum hydrolysis results in 
an insoluble phase, Al(OH)3 . The pH of minimum aluminum hydroxide solubility is 
about 6.0. As the pH of the aqueous system is increased above this level, the 
solubility of aluminum increases as a result of the formation of soluble Al(OH)4 ‘-
Aluminum ion is small and highly charged and as a result of this charge has a 
tight shell of water molecules surrounding it at low pH values, Figure 97, (137). The 
positively charged hydrogen atoms in the water molecule are oriented away from the 
aluminum ion and the negatively charged oxygen atoms in the water molecule are 
oriented toward the aluminum ion. Under low pH conditions these hydrogen ions are 
associated with the aluminum-water complex because the hydrogen ion activity in the 
bulk solution is great. As the pH of the aqueous solution increases, the positive 
charge of the aluminum central metal cation forces hydrolysis o f the water ligands 
resulting in formation of A1 (OH) (H20 )s  +2. The proton loss enables the hydroxyl 
ligands to come slightly closer to the aluminum ion than the neighboring water 
ligands. This shift is important in the subsequent aluminum hydroxide polymerization 
and precipitation. The degree of hydrolysis will increase as the solution pH increases 
(138). In an acid system, as the pH of the solution increases, the charge density of the 
aluminum molecule decreases due to hydrolysis. As a result the aluminum begins to 
polymerize. The mechanism of aluminum ion polymerization is not entirely agreed 
upon and has been discussed in number o f papers (138,139,140). Two 
monohydrated monomeric aluminum ions may coalesce to form a dimer, Figure 98.
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This linkage of two aluminum ions separated by a dihydroxide bridge is the basis of 
the aluminum hydroxide crystal structure. This aluminum dimer is not a stable species 
and probably does not exist in solution to any great extent (141). The stable aluminum 
polymer appear to be a ring structure formed by six aluminum hydroxide octahedra 
(124,141, 142). Such a structure would result in a Alg (OH)i2 +6  molecule. These 
ring shaped polymers may then coalesce to form a double ring structure, Alio 
(OH)22+8> a triple ring structure, AI13 (OH)3o+9 and eventually large molecular weight 
molecules. As these polymers coalesce they increase in molecular weight. 
Eventually, they become large enough to precipitate out of solution as aluminum 
trihydroxide. Initially A1 (OH ) 3 forms as an amorphous precipitate with high
solubility. If the precipitate is allowed to age it will crystallize and decrease in 
solubility. The aluminum hydroxide crystal that forms will depend on the conditions 
of formation. These conditions include temperature, solution pH, water vapor 
pressure and age. Cationic aluminum polymerization occurs in acid solutions initially 
forming amorphous precipitates. With time, these amorphous precipitates will 
crystallize into an aluminum trihydroxide form of lower solubility termed 
microcrystalline Gibbsite. With longer periods of aging, Gibbsite, which has a still 
lower solubility, will form. Under alkaline conditions bayrite will form, but it appears 
to be metastable and will convert to nordstrandite. Monohydrate aluminum minerals, 
boehmite and diaspore appear to form at high temperatures.
Aluminum forms strong complexes with fluoride, hydroxide, sulfate and organic 
carbon ligands. At low pH levels, aluminum fluoride complexes dominate the 
aluminum chemistry even at very low free fluoride concentrations. As the free 
fluoride levels increase the fluoride will solubilize considerable quantities of 
aluminum. At high pH values it becomes increasingly difficult for the fluoride to 
compete with hydroxide for aluminum central metal cations. As a result hydroxide 
complexes predominate over fluoride complexes. Sulfate, also, forms complexes that
Figure 97. Schematic representation of aluminum ion, A1 (H20)3 +3.
A rt
Figure 98. Schematic representation o f aluminum dimer cation, A12(0H)2(H20 ):
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are not a strong as aluminum fluoride complexes. Aluminum sulfate complexes 
are predominant only at very high concentrations of sulfate and low pH values. Other 
inorganic anions found in natural waters, such as bicarbonate, chloride, or nitrate, 
appear to have little effect on aluminum chemistry.
Organic matter in natural water may have a profound effect on the solubility and
mobilization of aluminum. Supersaturation of aluminum is often attributed to
aluminum chelation with natural organic matter. Perdue et al., (143) have observed
high levels of aluminum in rivers of the southeastern United States. The aluminum
ion is predominantly cationic at pH values below 5, as a result aluminum strongly
binds with negatively charged organic ligands in this pH range. At neutral or high pH
values the aluminum hydroxide complex is negatively charged and therefore has less
affinity for the organic ligand in these pH ranges. On the other hand, organic ligands
are predominantly weak acids. At low pH values, the ligand will tend to be in the
protonated form complexed with hydrogen ion and at higher pH values the ligand will
be more dissociated. As a result, the ligand will have a stronger affinity for the
*
aluminum ion at higher pH values than at lower pH values.
3. Aluminum Toxicity
Although aluminum is one of the most abundant elements in the earth's crust and 
is found in human biological media, it does not appear to be necessary for sustaining 
life. In the past, aluminum has been considered relatively harmless to human health.
But, it has recently become a health concern because of its increased mobilization in 
acid waters. Aluminum occurs in acidic surface waters primarily as the free aluminum 
ion and complexed with hydroxide, fluoride, and organic ligands (72).
Study of animals exposed to aluminum under controlled conditions have 
demonstrated a relationship between certain neuropathological disorders and aluminum 
exposure (64,144). Recent evidence has been presented to support the speculation
1 8 4
that there is a relationship between aluminum and Alzheimer's disease, patients with 
renal disease, and dialysis encephalopathy in humans (66,67). Aluminum toxicity is 
also associated with bone disease and an unusually severe form of anemia (145).
The acid in rain is neutralized by dissolving metals from the soil. Among the 
metals mobilized is aluminum, which can be taken by plant roots. Acid in rain is also 
stripping the soil of the valuable nutrients calcium, magnesium, sodium, and 
potassium. The aluminum in the soil mineral layer is toxic to the fine roots and they 
are damaged. The trees survive though they are severely stressed because the fine 
rootlets in the humus layer above are less affected by non toxic complexed aluminum 
at the soil level. Aluminum cation (A1 +3) is the dominate ion in acidified soils 
restricting plant and crop growth.
Aluminum mobilized by acidic precipitation combined with high acidity is toxic 
to fish. During snowmelt, the mobilized aluminum is carried with the run off to the 
surface water. Acidified freshwater lakes (< pH 5 ) contain high concentrations of 
aluminum. It is also found that aluminum leached by organic acids-those found in 
naturally occurring acid bog lakes-is complexed in a form that is not toxic to fish. 
Muniz et al.(146) reported some minor gill damage and reduced growth with 0.1 ppm 
of aluminum salt. Mortality appeared to result from severe necrosis of the gill 
epithelium. Significant fish mortality resulted at aluminum concentration of 0.2 ppm. 
Maximum aluminum toxicity occurs at pH 5.0. The toxic mode appeared to be a 
combined effect of impaired ion exchange and respiratory stress caused by gill damage 
and mucus clogging of gills. Driscoll et al. (147) have concluded that only inorganic 
forms of aluminum were toxic to fish.
APPARATUS
l. pH_Meter
pH measurement of water in the fish tanks were made without stirring using a
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Beckman combination pH electrode #39820 and a Beckman Chem-Mate pH meter.
The results were also checked against a Coming 130 pH meter equipped with a 
Coming #476024 glass electrode. Standardizations were made with high, medium 
and low Fisher pH (4 , 7 and 10).
2. Oxygen Meter
The aquaria water were continuously aerated utilizing an air pump. The oxygen 
content of the fish tank was monitored three times daily employing a Horizon Ecology 
Co. oxygen meter. The results were also checked against a Yellow Spring Instrument 
Co. (Model 54) oxygen meter. The oxygen meter utilizes a stationary solid electrode 
to determine oxygen in water. The electrode consists of a gold surface on the end of a 
support rod that is covered with an oxygen-permeable membrane of Teflon or 
polyurethane. The reference electrode is ordinarily a silver/silver chloride or silver 
based electrode. A potential o f about -0.8 V (vs. SCE) is applied across the pair of 
electrodes, whereupon reduction of oxygen occurs in the film of liquid adjacent to the 
platinum surface. The electrode process is shown below:
0 2 + 2H20  + 2e H20 2 + 2 OH- (42)
The current is proportional to the concentration of oxygen in the internal
solution, which in turn is proportional to the concentration in the external solution
adjacent to the electrode.
The meters were calibrated according to the manufacturer's instruction. The 
oxygen content of the tank was determined by gently agitating the electrode in the 
center of the tank about mid-water level. To provide a healthy environment for the 
fish it was essential to keep the oxygen content of the tanks close to saturation level 
(8.0 - 9.1 ppm 0 2). Keeping the oxygen content of the water at saturation level 
ensures that fish were not suffocating due to low oxygen levels in the water, which 
would otherwise have an adverse effect on the experimental results.
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CHEMICALS AND SOLUTIONS 
All chemicals utilized in this experiment were ACS reagent grade. Solutions of 
the chemicals were prepared with high purity distilled deionized water. Aluminum 
sulfate [ AI2  (SC>4 )3] (Baker Chemical Co.) was the source of aluminum addition to 
fish tanks. Acidification of water in aquaria was carried out utilizing 0.5 M sulfuric 
acid . Reduction in acidity of water in the fish tanks was carried out by addition of the 
required amount o f 0.5 M sodium hydroxide (NaOH). The standard buffers used to 
calibrate the pH meters were obtained from Baker Chemical (pH 4, pH 7 and pH 10).
PROCEDURE
1. Initial Preparation and Stabilization of Aquaria
The aquaria and pea gravel were thoroughly washed with warm water. Due to 
possible toxic effects of detergents on fish, no soap or other cleaning chemicals were 
used to wash the aquaria. The gravel was placed in a plastic bucket and water was 
added to cover the gravel. The gravel in water was stirred and then drained. This 
procedure continued until the water stayed clear after stirring and was free of debris. 
The undergravel filter was placed on the bottom of the aquarium and it was covered 
with three inches of washed gravel. Then the aquarium was filled up to 2/3 of volume 
( 7 gallons) with water, Figure 99. The tanks were numbered and the filtration system 
connected. The gravel was enough to provide the biological filtration necessary to 
maintain healthy fish. The tanks were left open overnight with the aeration system 
working to remove dissolved chlorine. Four of the aquaria were used as stabilization 
tanks. To increase the ionic strength of the tap water a small amount ( 0.5 g) of 
sodium chloride was added to each tank. Fresh water contains a higher concentration 
of dissolved salts than tap water, and addition of a small amount of salt to tap water 
helps to simulate the natural salinity of fresh water and reduce fish death from shock.
Fish were purchased in plastic bags containing fifty fish each. The fish commonly 
known as Golden Shiners (Notemigonus Crysoleucas) were purchased from a local 
fish bait store. The plastic bags containing fish were floated in the aquarium for 20-30 
minutes. It was essential to make sure that there was plenty of air in the bag so that 
the fish did not suffocate. This procedure allowed temperature equilibration of the fish 
and water and reduced the possibility of initial shock to fish in their new environment. 
After the equilibration the bags were opened and the fish allowed to swim freely in the 
tank. Fish were fed twice daily with Tetramin Stable food. Attempts were made not 
to overfeed the fish. The concept of overfeeding refers to the fact that with too much 
unconsumed food, the water will become cloudy and polluted, which then may harm 
the fish. About 20 % of the water in each of the fish tank was removed by siphoning 
from bottom of the tank. The water level was then restored using tap water. The 
siphoning process removed the excess debris from the gravel and prevented 
accumulation of toxic nitrate levels in the water.
The tanks containing fish were stabilized for at least two weeks. During this 
time the fish were monitored for signs of disease. Any unhealthy fish were removed 
from the tank immediately and were not considered in the experiment. Healthy fish 
were observed to stay in a group, all facing the same direction, whereas sick fish were 
observed to either stay very close to the water surface or hide in a comer at the bottom 
of the aquarium. Also, unhealthy fish were recognized by darker body color.
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Figure 99. Diagram of fish aquarium and filtration system utilized in this experiment
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2. Control Tank
After stabilization and numbering the tanks, one of the tanks was assigned as a 
control tank. The initial conditions of the control tank was similar to those of 
experimental tanks. Fish were transferred into the control tank in the same manner 
used for the experimental tanks. The use of a control tank minimizes the possibility of 
erroneous results, which may occur when live fish were used for experimental 
studies.
3. Experimental Aquaria design
In the first part of this experiment (test number one), three different tanks were 
examined. First, two tanks were maintained at pH 3.7 with (I)=0, and (II)=100 (ig/ml 
of aluminum as aluminum sulfate concentration. In the second test, three tanks were 
maintained at pH 4.5 with three different aluminum concentrations of (I)=0, (II)=10, 
and (III)=100 |!g/ml of aluminum. The third test included another set of three tanks 
which were maintained at constant pH 7.0 with aluminum concentrations of (I)=0, 
(II)=10, and (I13)=100 (ig/ml o f aluminum, Table (XIX). Also, one tank containing 
tap water ( pH = 8.45) with no aluminum added was assigned to be a control tank.
During the second stage of the experiment, three fish tanks were maintained at a 
constant pH level of 5.0, with four different aluminum concentrations of I (0), II (2),
III (10), and IV (100) |Xg/ml, two tanks with constant pH 7.0 with two aluminum 
concentrations levels of I (0) and II (100) |ig/ml, one tank maintained at pH 7.8 with 
zero aluminum concentration, and finally one tank containing 7 gallons of tap water 
(pH= 8.45) with no aluminum salt added was assigned to be the control tank, (Table 
XIX). An appropriate amount o f aluminum sulfate was diluted with distilled water 
and the solution was gradually added to the fish tanks. The pH of water in the tanks 
was adjusted with either 0.5 N sulfuric acid or 0.5 N sodium hydroxide as necessary.
The adjustment of pH was carried out over a period of 1-1.5 hours with
TABLE XIX
pH and Aluminum Concentration in the Experimental Aquaria Test
Test Number One
pH ,3.„2 pH 4,5 pH 7.0
Aluminum concen. Aluminum concen. Aluminum concen.
(I) 0 (ig/ml (I) 0 |ig/ml (I) 0 |lg/ml
(II) 100|ig/ml (II) lOpg/ml (II) 10 (ig/ml
a il)  100 (ig/ml (HI) 100 |ig/ml
Control Tank: 0 (ig/ml aluminum, no pH adjustment
Test Number Two 
pH 5.0 pH 7.0 pH 7.8
Aluminum concen. Aluminum concen. Aluminum concen.
(I) 0 (Ig/ml a )  0 (ig/ml a )  0 |lg/ml
a i)  2 (ig/ml (II) 100 jig/ml
(ID) 10 (Ig/ml 
(IV) 100 (ig/ml
Control Tank: 0 ug/ml aluminum, no pH adjustment
Table XIX. Aluminum concentration and pH of the aquaria utilized in the 
experiment.
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continuous stirring and monitoring of pH to avoid local concentration of the acid. The 
tanks were allowed to equilibrate for two days during time the which pH was 
measured and recorded. During this two day period if there were any changes of pH 
within an aquaria, it was readjusted to the assigned value by addition of appropriate 
amounts of dilute sulfuric acid or dilute sodium hydroxide as necessary. Twenty fish 
were gradually (one by one) placed in each tank in a period of 6-8 hours to allow the 
fish to adapt with their new environment. The fish tanks were monitored three times 
daily for measurements of pH, oxygen level, and fish behavior. Some of the water in 
the tanks was lost due to evaporation. An appropriate amount of water was added to 
each tank to maintain the initial 7 gallon volume. Each day the pH of all tanks 
increased by 0.5-1 unit, presumably due to waste products from the fish. The tank's 
pH was readjusted if necessary. Fish were counted during these periods, and the 
number of dead fish was recorded,and their bodies removed from the tanks.
RESULTS AND DISCUSSION
At pH 3.7 all the fish died at one hour. At pH 4.5 fish lived up to 15 days, and 
at pH 5.0, 7.0, and 7.8 fish survived for at least 45 days. It was concluded that water 
at pH 5.0 or greater did not appear affect short-term fish survival. At pH higher than
5.0, fish survival is similar to that of the control tank.
In recent years, it has been proven that failure in body salt regulation is the 
primary cause for fish death in acid waters (149). Life in freshwater involves active 
uptake of salt, particularly sodium and chloride, against a considerable concentration 
gradient. These active uptake mechanisms are directly influenced by low 
environmental pH and results in reduced salt content in the blood. These processes 
are influenced by the content of dissolved salts in the water, particularly sodium and 
calcium. In fish these uptake mechanisms are located in the gill epithelia. A score of
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experimental evidence both in the laboratory and in field situations support this 
physiological theory. A convenient way to test the magnitude of this physiological 
stress is to monitor the rate o f loss of blood salts, for example the plasma 
concentration of chloride. Severe ionic imbalance is known to affect fundamental 
physiological processes such as nervous condition and enzymatic reactions (146).
1- Effect of pH on Fish Survival
Acidification appears to have a very profound effect on fish population. 
Elevated levels of hydrogen ion in aqueous systems may disrupt the osmoregulatory 
balance of fish (149). Acute mortalities o f fish observed in acidified waters have 
occurred primarily in streams, and have been associated with an event that caused 
rapid change in water pH, such as snowmelt or heavy autumn rains. Death of fish at 
low pH has been attributed to failure of ion regulation or asphyxiation, or to elevated 
metal concentrations associated with low pH. Exposure to low pH water causes 
edema between the outer gill lamellar cell and remaining tissue, erosion of lamellae, 
and swelling of the filaments (150). It is concluded that the primary mode of acid 
toxicity in fish is gill damage, which impairs respiratory, excretory, and liver function 
(151). Liver impairment reduces tolerance of fish to other toxicants. Daye (152), 
reported that the death of fish embryos is the result of erosion of epidermal cell by 
acid, which interferes with respiration and osmoregulation. Leivestad and Muniz 
(149), reported that fish kill in acidified waters is caused by a reduction of sodium and 
chloride in plasma. Exposure to increased hydrogen ion concentration increases gill 
membrane permeability; hydrogen ions from the environment flood in and sodium and 
other ions from the blood out of the membrane(153). This results from failure of 
active uptake of sodium by the gill chloride cells and movement of ions in relation to 
the concentration gradient (154). Gill membrane permeability to monovalent ions is 
mediated by calcium (and possibly other divalent cations), whose presence in the
water reduces permeability. Thus, as the calcium concentration in water increases, the 
loss of ions is reduced and the level at which pH becomes lethal decreases (155). 
Low pH may interfere with respiration through several mechanisms. Elevated 
hydrogen ion concentration may cause excessive secretion of mucus from the gills, 
thereby reducing the rate of oxygen diffusion across the gills surface (144). At 
extremely low pH, an increased influx of hydrogen ions reduces blood pH which, in 
turn, reduces the oxygen carrying capacity o f hemoglobin. This effect is most 
pronounced in water with high calcium concentration (154). Calcium uptake in fish 
also occurs in the chloride cells. Despite the influx of hydrogen ion, blood acidosis 
does not occur in fish when the water is low in calcium. As only a small amount of 
ionic hydrogen can be excreted by the kidney, the remaining ionic hydrogen 
apparently accumulate and is buffered intracellularly (154). In response to chronic 
acid exposure, the hematocrit index, hemoglobin content of blood, and hemopoietic 
activity of fish are all increased, presumably to maintain oxygen-carrying capacity 
(153). Vaala and Mitchel (156), reported reduced blood oxygen tension and 
compensatory erythrocytic changes in brook trout exposed to pH 3-4. These 
compensatory mechanisms may enable fish to breathe normally after they are 
acclimated to low pH. However, exposure to extremely low pH may override 
compensatory mechanisms. Dunson (157), reported a decrease in oxygen 
consumption prior to death for brook trout at pH levels less than 3.5. The reduced 
consumption of oxygen was caused by decreased oxygen transfer and reduced blood 
oxygen capacity.
The most likely explanation of the physiological effect of hydrogen ion on fish is 
that at moderately low pH (4-5), failure of ion regulation is the primary response. At 
very low pH (< 3.5), respiratory failure occurs. Ion-regulation failure is probably the 
most widespread response in acidified waters, which rarely have been less than pH
4.0. The physiological changes that have been ascribed to repertory acclimation ( for
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example, increased hematocrit, hemoglobin, and hemopoiesis) may in fact be ion- 
regulatory adjustments to cope with increased hydrogen ion.
2. Effect of Aluminum on Fish Survival
Acidification of surface water is accompanied by increases in concentration of 
some metals. Aluminum concentration appears to be very important in determining the 
effect o f acidification on fish. The toxicity of aluminum varies with pH and the 
presence of complexing agents. Aluminum forms strong complexes with hydroxide, 
fluoride, sulfate and dissolved organics. Inorganic forms of aluminum generally 
considered to be toxic, but complexed and organic bound aluminum compounds are 
not harmful to aquatic life. For aluminum in hydroxide form, toxicity is highest at pH 
5, that is, at pH where the hydrogen ions themselves represent no physiological 
stress. Toxicity declines at both higher and lower pHs than pH of 5.0. Grahn (158) 
reported that most aluminum from the soil is bound to humic substances and this form 
is less toxic to aquatic biota compared to monomeric aluminum. However, the 
reaction between monomeric aluminum and humic substances is rather slow and 
therefore free aluminum still exist when the streams enter the lake. The aluminum can 
also be released from the humic complexes by bacterial decomposition or by photo­
oxidation.
Large fishkills during summer in some Swedish lakes were attributed to high 
aluminum concentrations from acidic spring run off and sudden pH elevation caused 
by primary production. The problem is accentuated by the fact that many indigeneous 
fish species spawn in tributaries in the spring. Fish fry, that are very susceptible to 
adverse environmental conditions, often hatch during or soon after spring snowmelt, 
when high levels of hydrogen ion and aluminum make water quality poor. A sudden 
decrease in pH or increase in aluminum associated with some climatic event may cause 
fish mortality because rapid changes in toxic substances can cause death at much lower
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concentrations than chronic exposure to gradually increased concentrations. Death of 
fish also occurs at higher pH in water with very low ionic content than in water with 
moderate or high ionic content(153).
In general, toxicity of aluminum to fish in acidified waters is due to ion loss, 
massive clogging of the gills, hyperventilation, coughing and respiratory stress 
measured at lowered oxygen tension (146). Leivestad et al. (149) found that exposure 
to aluminum concentrations of 0.15 ppm at pH 5.0 caused loss of blood ions and 
clogging of gills with mucus in brown trout. Schofield and Trojnar reported that 
aluminum concentration of 0.2 mg/1 or greater caused gill hyperplasia and mucus 
secretion in brook trout. Muniz and Leivestad (146) found hyperventilation, 
coughing, and excessive mucus clogging o f the gill at all stressing pH/Al 
combinations. The mucus of a clogged gill is yellowish and more viscous than normal 
mucus and it seems to be plugged mostly in the inner lamellar spaces. Also, fish with 
most severe mucus clogging are those with lowest plasma salt level. Fish stressed in 
aluminum solutions show sign of lowered oxygen tension in venous blood. Yan et al.
(159) found that fish exposed to acidified tap water did not show high stressed effects, 
but those exposed to water from acidified streams did. Rosseland (160) reported that 
brown trout exposed to tap water acidified to pH 4.5 showed no increased in standard 
metabolism or respiratory rate, but those exposed to pH 4.5 stream water did. 
Addition of aluminum to the acidified tap water produced the same response. Aside 
from aluminum other heavy metals present a potentially adverse effect on aquatic life.
Yan et al.(159) reported fish mortality in acidified lakes presumably due to copper and 
copper-zinc in combination.
The results from this experiment are similar to those reported in the literature 
(152-161). At pH 3.7 all fish studied died within few hours, Figure 100. At low pH 
levels, lethal effects of acidity override the toxic effects of aluminum. At pH 3.7,
death of fish is due to respiratory and ion-regulation failure. At higher pH levels 
(4.5,5.0), the fish lived longer and at pH 7.0 there were no noticeable effects on fish 
survival. At pH 4.5 and 5.0 it was clear that acidity and aluminum had a synergistic 
toxic effect, Figures 101 and 102. At pH 4.5 and 5.0 visual inspection showed 
chemical interaction of aluminum with the fish's gills. At pH 7.0, aluminum had very 
little effect on fish survival even though the solution was very cloudy with suspended 
aluminum hydroxide, Figure 103. Presumably blocking of the fish's gills did not 
occur. This finding is different from the results reported by Grahn (158), which 
indicated fish under study suffocated due to clogging of the gills by aluminum 
hydroxide at similar pH levels. There was no adverse effect on fish at pH of 7.8 with 
zero aluminum levels, Figure 104. Findings from pH 7.8 were similar to the control 
tank experiment. At the control tank study, no aluminum was added to the tank and 
the pH was not adjusted, Figure 105. The control tank experiment was essential to 
compare natural factors against other tanks with varying aluminum concentrations and 
controlled pH. The results from the tank with a constant pH of 7.8 indicated that 
neutral pH has no harmful effect on fish.
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Figure 100. Effect o f aluminum on fish at pH 3.7.
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Figure 102. Effect o f  aluminum on fish at pH 5.0.
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Figure 103. Effect of aluminum on fish at pH 7.0.
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Figure 104. Effect of pH  7.8 on fish. No aluminum is added.
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Figure 10S. Control tank used to study the synergistic effect of aluminum and acidity on fish.
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CHAPTER ONE
ELECTROCHEMICAL PRECONCENTRATION OF TRACE MERCURY ON 
CARBON FIBER FOR ATOMIC ABSORPTION ANALYSTS 
INTRODUCTION
Mercury is a prominent environmental pollutant from a variety of natural and man 
made sources (162). Mercury is more insidious than most other heavy metal pollutants 
because of its propensity to be methylated, yielding the highly neurotoxic and 
biomagnification-prone monomethyl and dimethyl mercury (163,164).
Toxicity of elemental mercury and its compounds to humans and animals is well 
known. Its derivatives are widely used in agriculture as fungicides and preservative for 
seeds or wheat, oats, and barley. In industry, mercury compounds find applications in 
pulp and paper mills, and mercury metal is used extensively in electrolytic processes in 
the manufacture of chlorine and caustic soda. Certain species o f fish concentrate 
mercury from the surrounding water. Seed-eating birds such as pheasant have also 
been found to contain significant amounts of mercury derived from uncovered seed. 
Although concentration of mercury in our environment is low, the metal is extremely 
toxic especially in its organic form. Conventional analytical methods, such as AA and 
ICP do not exhibit the sensitivity required to determine mercury compounds in a very 
low concentrations, therefore, it is necessary to develop a sensitive, accurate technique 
for the preconcentration and determination of submicrogram amount of mercury in lake 
water and biomaterials.
Current industrial use of mercury has been estimated to be 12,500 metric ton 
(1.25 x 10 7 Kg) per year. A substantial part of this and probably a much larger 
amount from the combustion of fossil fuels are released into the environment (163).
Determination of residual mercury in natural waters and biological fluids is a 
particular problem because mercury levels in these environments are often lower than
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0.03 ng/mL and tedious preconcentration procedures are needed before its 
determination utilizing different methods of analysis.
Inductively coupled plasma-atomic emission spectroscopy (ICP-AES) and 
flameless atomic absorption spectroscopy are well established analytical tools for 
determination of major, minor, and trace metals in various samples. However, the 
sensitivity attainable by either ICP or AAS with the use of conventional sample 
introduction methods such as pneumatic ultrasonic, and thermospray nebulization is 
not sufficient for analysis of many trace metals at the subnanogram per milliliter levels 
present in natural waters, sea water, and biological fluids.
There have been a number of studies reported for preconcentration of trace 
metals such as ion exchange, chromatography, and coprecipitation (165). These 
methods were utilized to carry out separation and preconcentration of trace metals from 
complex matrices while the sample to be analyzed is brought into contact with large 
volumes of additional chemicals, which may introduce contaminating or interfering 
species. In addition, most of these techniques require a large volume of sample 
solution, are time consuming and tedious.
Although, many studies are reported for preconcentration of trace metals 
followed by their determination utilizing ICP or AA, only a few of these experiments 
include trace mercury analysis. Some of the earlier investigations relating 
preconcentration of trace metals other than mercury include, electrodeposition of dilute 
copper solution on carbon rods prior to atomic absorption (166), increased sensitivity 
of micrograms to nanograms quantities of a large number of trace metals utilizing 
electrodeposition on graphite cup (167), coprecipitation with gallium hydroxide (162), 
coprecipitation followed by flotation (163), amalgamation employing precoated 
graphite rod working electrode with Hg (II) ions (168), and finally chelation using 
organic ligands (169). ICP-AES has been utilized to determine preconcentrated 
multielements present in the original solution under study; the detection limits reported
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were as low as those obtained with conventional direct-insertion device (165). Other 
experiments indicated a 240 (163) to 300 (167) fold increase in sensitivity for trace 
metal determination. The added advantage of ICP-AES is the higher plasma 
temperatures which produce more efficient ionization, therefore, better sensitivity and 
capability of multielement analysis.
Although, ICP-AES employs the added advantage of higher sensitivity, its use 
for mercury analysis is limited due to memory effect of mercury ions adsorbed onto 
the quartz assembly of inductively coupled plasma instruments.
The conventional method of analysis for the determination of trace mercury is 
cold vapor atomic absorption (170). In this procedure 100 mL of sample is acidified, 
then oxidized by appropriate chemicals. The sample is next heated to 95 °C for two 
hours. After cooling, the sample is reduced using 10% acidified tin chloride and the 
solution is aerated into a quartz cell of an atomic absorption instrument for final 
determination. The sensitivity obtained using this method is 1.0 ng/mL, which is not 
enough for determination of some environmental samples containing subnanogram 
concentrations of mercury. Hawley and Ingle (171) examined some modifications to 
the normal approach used for the cold vapor atomic absorption determination of 
mercury by reducing the dead volume of the apparatus, by increasing the efficiency of 
diffusion of elemental mercury into the carrier gas, and by optimizing the instrument 
parameters. The detection limit reported is about 0.02 ng/mL for Hg(II). Potassium 
permanganate-sulfuric acid solution is used as a trapping medium for mercury in the 
air. Trapped mercury has been determined by flameless cold vapor atomic absorption 
(172). The detection limit is reported to be 0.002 ng/mL for the 4-L trapping solution 
utilized. Chau and Saitoh (173) extracted submicrogram amounts of mercury in lake 
waters utilizing acidified dithizone. The extracted mercury was then determined 
employing gas-phase (reduction-aeration) atomic absorption. A detection limit of
0.008 ng/mL was reported for one liter of solution extracted. Increased sensitivity for
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trace mercury analysis is reported by amalgamation of mercury onto a copper wire 
(174). In this experiment mercury is amalgamated quantitatively on a copper wire and 
subsequently vaporized in an absorption cell, which was placed in the light path of a 
commercial atomic absorption instrument. The detection limit is about 0.2 ng which is 
many times more sensitive than flame atomic absorption. Olafsson (175) reported 
amalgamation of mercury in sea water onto a 20 gram of gold foil (0.06 mm thick). A 
450-mL acidified sea water sample was examined. The amalgamated gold wire was 
placed into a silica tube. The body of the tube was closely wound with ca. 1.5 m of
4.5 ohm m re s is ta n c e  wire and the wire was connected to an ammeter and a variable 
transformer. The silica tube was heated to 320 ° C and mercury vapor was transferred 
into the absorption cell of an atomic absorption instrument by a 240 mL/min flow of 
argon gas. A sensitivity of 0.47 ng was reported for this study. Muscat et al. (176) 
reported an atomic fluorescence method for trace mercury analysis. Silver 
amalgamator was used to collect mercury prior to the final measurement. Mercury (II) 
in water solution was reduced by addition of Sn(II). The resulting mercuiy vapor was 
swept into the amalgamator by bubbling argon gas through the solution. Mercury 
vapor in the carrier gas stream was brought into close contact with silver wire at 
ambient temperature and was effectively removed from the gas stream by amalgam 
formation. The silver amalgamator was placed into a fused silica tube and then heated. 
The mercury vapor was swept into a cell of atomic fluorescent system for the final 
measurement step. A detection limit of 4.2 ± 0.4 ng/mL for mercury was obtained for 
this experiment.
Electrodeposition of a specific element on a carbon rod or tube prior to atomic 
absorption for example, is an excellent method to increase the sensitivity of the method 
to as low as sub part per billion levels of trace metal. A number o f studies have 
reported the use of electrodeposition for trace metals preconcentration, in which the 
trace metals were deposited on the graphite tube and were subsequently determined
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utilizing inductively coupled plasma or atomic absorption (165,166,177).
Fairless and Bard (166) studied electrodeposition on graphite rod followed by 
atomic absorption for the determination of traces of copper in dilute solutions of 
analyte (1.6 x 10 "10 M). This report indicated a decrease in matrix effects resulted 
and the method required low volumes and showed increased sensitivity. Abdullah et 
al. (167) reported controlled potential cathodic deposition of trace metals inside a 
graphite cup, utilizing a newly designed Teflon cell holder. This study employed 
inductively coupled plasma for multielement determination of trace metals after 
preconcentration. Trace metals such as Cd, Co, Cr, Cu, Mn, Ni, Pb, and Zn 
preconcentrated and separated from major matrix constituents, such as NaCl, KC1, 
and M gCl2 in artificial sea water. The preconcentration reported by this study 
indicated an increase in concentration by a factor of 30 to 300 depending on type of 
trace metals studied. The detection limit reported was at the pg/mL level with relative 
standard deviation of 2 to 11 %. Recently Salin and Habib (165) reported the 
application of controlled potential electrolysis utilizing both the graphite electrode and 
hanging mercury drop electrode coupled with ICP-AES for determination of traces of 
six elements. This study employed a direct sample introduction device with a 
deposition time of 5 minutes. The detection limits were in the range of 2 to 680 ng/mL 
depending on specific element studied. A major drawback to the direct sample 
introduction device is analyte vaporization from the outer surface of the electrode. 
Therefore, the trace metals deposited on the electrode were not efficiently injected into 
the plasma center in the observation region when the graphite electrode was introduced 
into the plasma. The detection limit reported is as low as those obtained with the 
conventional direct insertion device utilized for the determination of solid samples with 
ICP-AES. Brandenberger and Bader (178) reported a method for the determination of 
small amounts of mercury (1 to 20 ng/mL) in acidified solution. They used a 15 cm 
long coil comprising 0 .1  mm diameter copper wire, which was made a cathode for the
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electrodeposition of trace metals. The mercury was amalgamated quantitatively on the 
copper wire and subsequently vaporized in the absorption cell, which was placed in 
the light path of a commercial atomic absorption instrument. The method was reported 
to have a detection limit of 0.2 nanogram. This study employed cool atomic vapor of 
mercury for spectroscopic measurements, which is different to conventional 
atomization of trace metals in high temperature flame or graphite furnace. Bately and 
Matousek (179) reported speciation of Cr (III) and Cr (VI) in natural waters by 
polarographic reduction at different potentials, followed by electrodeposition with 
mercury onto a pyrolitic graphite coated tubular furnace. The traces of Cr (III) and 
Cr (VI) were determined employing electrothermal atomization. Speciation and 
determination of Cr (III) and / Cr (VI) in environmental and clinical analysis is 
important because of the difference in toxicity of hexavalent and trivalent chromium to 
aquatic biota. Trivalent chromium is recognized as essential to mammals for the 
maintenance of an effective glucose, lipid, and protein metabolism. In the hexavalent 
state, however, chromium can diffuse and bind to other important biological molecules 
with toxic results. Recently poly (dithiocarbamate) chelating resin was used for 
speciation of Cr (VI) and Cr (III) (169). Chromium species separated could be 
determined utilizing colorimetric, atomic absorption, and/or atomic emission 
spectroscopic methods. However, in the colorimetric method, several conditions such 
as temperature or amount of reagent must be kept strictly constant to achieve good 
reproducibility. In flame atomic absorption a solvent extraction step for chromium and 
special flame condition are required and interelement interferences exist for chromium 
species. On the other hand, inductively coupled plasma exhibited a good detection 
limit and freedom from interferences for chromium determination. This study 
indicated a recovery of 100% for total chromium utilizing a synthetic sample. The 
recovery for Cr (VI) was reported to be 91-92%. Total chromium was obtained 
following the KMnC>4 oxidation method for the synthetic sample. The same sample
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was passed through the resin column, without oxidation, to obtain the Cr (VI) content. 
The Cr (III) concentration was calculated from the differences between total chromium 
and the Cr (VI) content. The detection limit of chromium in 0.1 N HNO3 was 
reported to be 12 ng/mL with a relative standard deviation of 2.5%.
Controlled potential electrolysis was performed to preconcentrate traces of Cu on 
a graphite rod which was placed inside a conventional dc arc electrode (168). The 
working electrode was first precoated with Hg in a separate solution of mercury (II) 
ions prior to electrodeposition, amalgamation of the trace metals.
Hg+2 + 2 e • Hg (1) (39)
M n+ + n e- M (Hg) (40)
The report indicated that a specially designed direct sample insertion device 
(DSID) was used for transfer o f the deposited Cu inside the induction coil of the 
inductively coupled plasma. A hole was drilled in the base of a dc arc electrode to 
accept the conventional quartz tube utilized in ICP. The rod then could be inserted to a 
level which places the electrode in the volume immediately surrounded by the coil. In 
this region, low forward power was applied to increase the temperature of the 
electrode by inductively heating. This procedure was utilized to dry and ash the 
sample and to ensure removal o f mercury before exposure to the plasma by pushing 
the quartz and electrode upward. The study indicated that approximately 3.0% of the 
copper was deposited per 5 minutes during electrolysis. With a deposition time of 2 
hours, the detection limit was found to be 0.07 ng/mL.
CHEMICALS AND SOLUTIONS
1. Distilled Deionized Water
Distilled deionized water (DDW) was obtained by passing distilled water from 
the chemistry building's distilled water system through a mixed bed deionization 
column (Illinois Water Treatment Company, Research Ion Xchanger Model 2). The
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water was stored in a large polyethylene Nalgene container.
2. Mercury Standards
Stock mercury solution (g/L) was prepared by dissolving 1.354 grams of 
mercuric (II) chloride (Aldrich Chemical, Milwaukee, Wisconsin) in about 700 ml 
distilled deionized water, adding 1.5 ml concentrated ultra pure nitric acid (J.T.Baker 
Chemicals, Phillipsburg, New Jersey), and diluting to 1000 ml with distilled 
deionized water. Standard mercury solution was prepared (0 to 5 pg/L) by 
appropriate dilution of stock mercury solution with distilled deionized water containing
1.5 ml ultra pure HNO3 / L. Standards were prepared daily as needed.
EXPERIMENTAL
Although electrochemical preconcentration of trace metals on graphite (rod, tube, 
and cup) and their subsequent determination utilizing atomic absorption or inductively 
coupled plasma atomic emission spectroscopy have been reported in different papers 
(165,166, 167, and 177), an extensive literature search by the author has found no 
indication of preconcentration of trace metals on graphite fiber coupled with their 
determination by atomic absorption or inductively coupled plasma.
Although carbon fiber has been used for electrochemical analyses, such as 
anodic stripping voltammetry (180), potentiometric analysis (181), and normal pulse 
polarography (182), there is no report of its use for the electrodeposition-atomic 
absorption determination of trace metals. Consideration of the documented 
morphology and manufacture of carbon fibers (183) suggest that the surface of the 
fiber perpendicular to the fiber axis is ideal for voltammetry applications. Carbon 
fibers are formed by the high temperature pyrolysis of polymeric materials such as 
polyacrylonitrile or pitch, while plastically stretching the polymeric carbon material. 
The structure of these fibers appears to be similar to that of glassy carbon, that is, 
sheets of graphite are arranged in microfibrils, which form a pattern similar to
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intertwined ribbons. In carbon fibers, the order of the carbon layers depends on the 
mode of manufacture. The high-modulus fibers have a high degree of alignment of 
the carbon-carbon bond parallel to the fiber axis which results in a tree ring 
morphology (184). Thus, in contrast to glassy carbon, the surface of high-modulus 
carbon fiber perpendicular to the fiber axis has a high degree of edge orientation of the 
graphite microfibrils, while the surface parallel to the fiber axis has a high degree of 
basal plane character. Faradaic electron transfer has been shown to occur 
preferentially at the edge orientation of oriented graphite (185). Therefore, high- 
modulus carbon fiber is an ideal electrode for electrodeposition of trace metals. 
Recendy carbon fiber was utilized for differential voltammetric analysis. Cushman et 
al. reported use of carbon fiber for differential pulse anodic stripping voltammetry of 
cadmium salts and organocadmium compounds in the ng/mL concentration range 
(180). The report indicated a good resolution and extremely low background current. 
Schulze and Frenzel (181) utilized low-modulus carbon fiber for potentiometric 
stripping analysis and anodic stripping voltammetry for identification of cadmium, 
lead, and zinc. This report indicated low reproducibility and poor resolution utilizing 
low-modulus carbon fiber. This finding is different to that reported by Dayton et 
al.(186), which indicated excellent reproducibility for the determination of potassium 
ferricyanide, linear response to a wide range of concentrations, and low background 
currents .
Ponchon et al. employed carbon fiber electrodes for normal pulse polarographic 
analysis. This study indicated good sensitivity and selectivity for the in vitro 
determination of catecholamine, norepinepherine, and serotonin (182).
The instrument utilized for electrodeposition of analyte on carbon fiber is 
displayed in Figure 106. Different parts of a self designed instrument include a metal 
stand to hold an air driven motor, an aluminum holder and two electrode assemblies 
for electrical connections. The aluminum holder at the end of the motor's shaft could
©1. Metal stand 2. Air driven motor
4. Aluminum holder 5. Platinum cup
7. Phosphor bronze alligator clip 
9. Upper copper rod 10. Lower copper rod
13,14. Electrical wire 15. Battery
3. M otor's shaft
6 . Carbon fiber bundle 
8 . Phosphor bronze plate
11. Tygon tubing
Figure 106. Instrument utilized for electrodeposition of trace metals on carbon fiber 
bundle electrode.
accommodate a platinum cup (anode) with 30 cm3 volume. Attempts were made to 
place the platinum cap in the aluminum holder firmly for efficient flow of electrical 
current. Rotational speed of the shaft and platinum cup was adjusted by an air tank 
equipped with a fine regulator. A phosphor bronze alligator clip was welded to the 
end of a copper rod (No. 7, Figure 106). This rod was utilized to connect a positive 
pole of a 6  volts batteiy to a bundle of carbon fiber (cathode). The carbon fiber bundle 
contained about 30 high-modulus carbon fiber (Tomell 300, grade WYP 30 1/0) with 
a surface area of A= 5 x 10' 7 cm3 each. The source and some of the properties of the 
carbon fiber are displayed below:
Manufacturer Union Carbide Corporation, Danbury, CT.
Type Thomell 300 (Grade WYP 30 1/0)
Diameter 10.24 ±0.91 pm
Resistance 5.28 ± 0.446 Ohm-cm x 10 -«
Percent carbon 92
Surface area 1 m2 /g
Density 0.063 lb / in3
The carbon fiber was firmly placed between two plates of the phosphor bronze 
alligator clip of the upper copper rod. Another phosphor bronze plate was welded to 
the end of the second copper roa u^o. 5 , Figure 106). This plate provided electrical 
current from negative pole of the battery to the platinum cup (anode) by means of an 
electrical wire. The phosphor bronze plate was placed along the side of the aluminum 
holder in such a way that an efficient flow of electrical current to the platinum cup was 
attainable. Attempts were made to reduce friction between the phosphor bronze plate 
and aluminum holder providing ease of revolution of the platinum cup around the 
motor's shaft. The rotation of the platinum cup provided an efficient mixing of the
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analyte, therefore, an even exposure of the carbon fiber bundle to the analyte solution. 
Ten milliliter of analyte solution were placed into the platinum cup. The rotational 
speed of the shaft was adjusted to 30 revolution per minute utilizing the fine regulator. 
The carbon fiber bundle was placed in the analyte solution inside the platinum cup, in 
such a way that about 1.5 cms of the fiber were exposed to the analyte for 
electrodeposition. The electrical current was connected, rotation of the platinum cup 
was adjusted to proper speed, and the deposition was timed using a stopwatch. At the 
end of the deposition period, the air driven motor was stopped, the electrical current 
disconnected, and the carbon fiber was removed from the analyte solution. The 
exposed portion of the carbon fiber bundle electrode (1.5 cm long) was carefully cut 
utilizing a sharp scalpel so that maximum reproducibility in length of the fiber was 
achieved for each experiment. The carbon fiber was then placed in an atomic 
absorption unit for the purpose of atomization of the mercury. To provide an inert 
atmosphere for the atomizer assembly, a flow of argon (5 ml / min) was passed 
continuously around the graphite atomizer. Oxygen in the ambient air and high 
temperatures during atomization reduces the life of the atomizer's graphite bed. The 
temperature of the atomizer was adjusted between 1000 -1100 °C, utilizing an optical 
pyrometer, and the percent transmission was measured employing a linear chart 
recorder. The concentrations of trace metals were determined utilizing a calibration 
curve based on analyses of mercuric chloride standard solutions.
RESULTS AND DISCUSSION 
Although, mercury ions were utilized for amalgamation and preconcentration of 
other trace metals (168), there are no reports of the preconcentration of mercury by 
electrodeposition on carbon fiber followed by either atomic absorption of inductively 
coupled plasma. The goal of this experiment was to preconcentrate trace mercury on a 
carbon fiber by electrodeposition utilizing a self designed instrument. The
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preconcentrated traces of mercury were then determined employing a quartz (T) atomic 
absorption unit.
Results o f this study are displayed in Figures 107, 108, and 109. Figure 107 
displays the percent transmission resulting from the injection of 5 pL acidified 
mercury salt into the graphite bed of a quartz (T) atomizer of the atomic absorption 
unit. Mercury chloride standards with a range of 0.01-10 |ig/mL were utilized. The 
detection limit was 1 x 1 0 _11 grams and the linear range was up to 16 jig/mL for the 
mercury standards utilized. Figure 108 displays the percent transmission for 
preconcentrated mercury analyte on the carbon fiber bundle. Ten mL of 0.01 pg/mL 
HgCl2  standard solution was transferred into the platinum cup, the carbon fiber bundle 
was placed in the analyte solution inside the platinum cup, and electrodeposition was 
carried out for 10 minutes at 30 revolution per minute for the platinum cup. Attempts 
were made to make certain that about 1.5 cms of the fiber were exposed to the analyte 
for each preconcentration procedure examined. Six replicate analyses were conducted. 
The data obtained indicated 5-8% reproducibility. The preconcentration effect which 
resulted was a 100 -115 fold increase in sensitivity. In another experiment, an aliquot 
of 10 mL mercuric chloride standard analyte solution was studied for five consecutive 
electrodeposition procedures utilizing the same solution. In this experiment, after the 
first preconcentration procedure, another graphite fiber similar to the one utilized 
previously was placed in the same solution and electrodeposition conducted for the 
same period of time. A decrease in concentration of analyte in the solution for 
consecutive electrodeposition on the carbon fiber bundle was expected. The result is 
displayed in Figure 109. As expected there is a reduction in concentration of analyte 
available for electrodeposition for each consecutive deposition conducted.
The results of this study .namely a 100 -115 fold increase in sensitivity for 
mercury analysis, provided a detection limit of 0 .0 0 1  ng for trace mercury in water 
samples. The results from this experiment can be compared with the results concluded
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from extraction of trace mercury from lake waters utilizing dithizone (173). The 
detection limit obtained by this study is better than other reported investigations for 
trace mercury analysis such as trapping potassium permanganate-sulfuric acid solution 
(172), amalgamation of mercury onto a copper (174), or gold wire (175), 
amalgamation followed by atomic fluorescence analysis, and modified cold vapor 
atomic absorption (171). On the other hand, results obtained from preconcentration of 
other metals on graphite cup or tube followed by ICP of AA has indicated a much 
better sensitivity than that obtained by this study (165,166, 167, and 177).
In conclusion, this study was successful in increasing the sensitivity of mercury 
determination by 100 -115 fold utilizing electrodeposition of mercuric chloride on 
carbon fiber followed by atomic absorption analysis. An even greater improvement in 
the detection limit and higher sensitivity might be obtained by utilizing a longer 
platinum cup with a shorter diameter. Such a cup requires a lower volume of analyte 
with the added advantage of exposure of a larger area o f carbon fiber for 
electrodeposition. Also, longer deposition times and more efficient stirring of analyte 
solutions with a small magnetic bar and magnetic stirrer might enhance the efficiency 
of preconcentration and sensitivity.
2 1 5
T
% T
Sample: 5 jil Acidified Hg Standards
Peaks:
1 . 10 jig /m l
2 . 8.0 jig /m i
3. 6.0 jig /m l
4. 4.0 jig /m l
5. 2.0 jig /m l
6 . 1.0 jj.g/ml
7. 0.1 jig /m l
8 . 0 .01ug/m l
Uu uV-KjL_
Time
Figure 107. Detection of mercuric chloride utilizing Quartz (T) atomic absorption.
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Quartz (T) atomic absotption.
217
os
/O
Conditions:
1 .0  cm  Carbon Fiber 
10 ml 0.01 ng /  mL 
30 rpm
5 Minute Deposition Time 
Same Solution
1 . first time
2 . Second time
3. Third time
4. Fourth time
5. Fifth time
T im e
Figure 109. Increased sensitivity for trace mercury analysis using electrodeposition - 
Quartz (T) atomic absorption.
CHAPTER TWO
CAPILLARY GC-AA FOR SPECIATION OF MERCURY COMPOUNDS 
INTRODUCTION
Since the late 1960s and early 1970s, growing recognition of the widespread 
occurrence and toxicological importance of mercury in the environment has generated 
a requirement for highly sensitive, selective, and reliable methods for the 
determination of trace mercury contaminants in a diverse array of environmental 
matrices. Instrumental methods of analysis have almost entirely replaced the 
cumbersome, classical wet chemical schemes. As a result of the foregoing, as well as 
more recent investigations, both inorganic and organic chemical forms of mercury are 
now known to be extensively widespread throughout the environment. The behavior 
and importance of mercury as an environmental contaminant are intimately related to 
special physical, chemical, and toxicological features of mercury species. Therefore, 
speciation of mercury compounds is critically important in assessing the potential 
toxic effects of different species of mercury on organisms and ecosystems.
Both man and nature share responsibility for mercury production. The major 
industrial sources of mercury are from mercury production, sulfide ore processes, 
coal combustion, paints, metal refinement (by amalgamation), electrolytic processes 
in the manufacture o f chlorine and caustic soda, mercury vapor and neon lamps, 
industrial production of thermometers, barometers, catalysis, agriculture, and finally 
pharmaceutical industries (187). In the natural environment, mercury is found in 
soil, air, and water. Mercury is a comparatively rare element; the average proportion 
of mercury in the earth's crust is about 5 x 10 ' 5 %, and its concentration in sea water 
is as low as 3 x 10 -9 %. In nature, mercury occurs in concentrated deposits of 
sulfide HgS (Cinnabar). In the United States, mercury level in the northeastern 
surface soils have a natural upper limit of 0.04 ± 0.02 ppm. In air, mercury is found
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concentrations of only a few nanograms per cubic meter. As for mercuiy in water, the 
natural level is 0.06 parts per billion in the northeastern U. S. From monitoring and 
analyses throughout the U.S., it is known that mercury is present in amounts 
excessive in many parts of the environment. A limit of 0.5 fig/g for mercury in fish 
that will be consumed by human has been set by the Food and Drug Administration. 
The Canadian and U.S. ban of fishing in the Great Lakes regions, enacted in 1970s, 
resulted from analyses showing concentrations up to 7 |ig/g in fish.
Mercury belongs to the Group 1TB elements in the periodic table, and is the only 
element besides bromine that is liquid at ordinary room temperatures. As a 
consequence, the vapor pressure of mercury in its elemental state is substantial even at 
ambient temperature. In nature, mercury can be found in any one o f three different 
states: elemental (0), mercurous (+1), and mercuric (+2). The mercurous ion Hg2 2+ 
is readily obtained from mercuric salts by reduction in aqueous solution and is readily 
reoxidized to [Hg (H2 0 )2] 2+. Except for their novelty, insofar as they involve in a 
binuclear cation system, the compounds of mercury (I) are typically metallic in nature. 
Another common feature of all mercury (I) salts is their tendency to disproportionate. 
Since mercury (I) does not form covalent bonds with other elements, organometallic 
derivatives containing mercury in a +1 oxidation state are not known. Probably the 
most characteristic property of mercury in its highest oxidation state is its tendency 
toward the formation of covalent rather than ionic bonds. Exceptions to this rule are 
the sulfate, the nitrate, and the perchlorate derivatives that are salts, being completely 
dissociated in aqueous solution and, by inference , in raindrops or cloud water.
Figure 110, (188) displays an environmental mercury cycle for mercury by 
which mercury can either be eliminated from soils, and sediments, and aquatic 
ecosystems by volatilization or can be extracted into aqueous media and enter into the 
food chain. Insoluble forms of mercury such as cinnabar (HgS) can be transformed to 
soluble Hg(II) ion by bacterial oxidation in bottom sediments and soluble Hg(II) can
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be reduced by some microorganisms to mercury metal, Hg(0). If both Hg(II) and
Hg(0) are present together, they will enter into an equilibrium reaction to produce 
Hg(I) in form of the diatomic Hg2  +2. Study of the thermodynamics of the equilibria
( Hg 2  + 2  Hg 0  + Hg + 2  ) is essential to understand the chemistry of the 
mercurous state. The standard potentials for the different species involved are as 
follows:
H g 2 2+ + 2e ^  2Hg E 0  = 0.7960 V (41)
2 Hg +2  + 2e Hg 2  2+ E 0 = 0.9110 V (42)
Hg 2+ + 2e ^  Hg (1) E 0  = 0.8535 V (43)
For the disproportionation reaction,which is rapid and reversible:
Hg2  2+ = Hg (1) + Hg +2  E 0 = - 0.0575 V (44)
The implication of the standard potential is that in solutions with common 
oxidizing agents present, the equilibrium favors the Hg 2+ species. Also, the 
conversion of metallic mercury to divalent mercury ( Hg 0  === Hg 2+ ) occurs in 
sediments due to a higher affinity of mercuric ion to organic mud. It is believed that 
methylation of inorganic mercury to toxic methylmercury occurs in natural waters and 
bottom sediments (189). M ethylation of inorganic mercury (Hg +2) occurs 
predominantly in aquatic sediments and to a lesser extent in the water column and soils 
(164,190). Mercury in the top few centimeter (2 cm) of the sediments (without 
microorganisms) is converted to methylmercuiy to a small ex ten t. In the next few 
centimeters in sediments depth (with microorganisms) the highest rate o f mercury 
methylation is achieved. The rate of methylation is elevated with higher water 
temperature and increased amount o f nutrients present. The methylation of mercury 
appears to proceed through transfer of a CH3 group. A small amount o f methyl 
mercurium ion can be further methylated to dimethylmercury in a similar process.
( H g 2+ CH3Hg+ CH3HgCH3 ) (45)
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Figure 110 . Mercuiy cycle in the environment.
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The methylmercury ion CH3Hg+ produced in sediments is partially extracted into the 
water and taken up in the food chain. Dimethylmercury can volatilize into the 
atmosphere, where it is photolyzed to elemental mercury and methyl radicals. Also, 
dimethylmercury may react with mercuric ions to give methylmercurium ion, which 
may diffuse into environmental waters.
1. Toxicity of Mercury
M ercurialism was well known in early medieval history since the use of 
quicksilver. It is reported that exposure to 0.02 mg of mercury per cubic foot will be 
enough to produce symptoms of mercury poisoning within 2-3 months (191). A 
mysterious mercury disease broke out among the inhabitants, especially fisherman and 
their families, of Minimata city, Japan in 1953. From 1953 to 1960 the mortality rate 
was fairly high; 46 died out o f 121 reported cases o f sickness, which include 19 
congenital babies bom of mothers who had eaten fish and shelfish from mercury 
contaminated areas. The effect was later ascribed to the methylmercury ion, which 
induces irreversible complex disturbances o f the central nervous system (192). 
Mercury is a very toxic, cumulative poison. The toxicity of mercury varies greatly 
with its chemical form (193). Both the liquid and vapor form of elemental mercury are 
toxic due to their high solubility on lipids. Elemental mercury in the vapor form is 
more hazardous than in liquid form. Elemental mercury, once inhaled, will be 
converted into more toxic mercuric ion in the blood plasma. Mercuric ion accumulates 
in the nervous system, liver, kidney, salivary glands, and bone (194). Monovalent 
mercury is relatively less toxic due to the low solubility of its salts. Calomel 
(mercurous chloride) has been used medically as a cathartic and antiseptic. However, 
red blood cells (erythrocytes) can oxidize monovalent mercuiy to highly soluble, toxic 
divalent mercuric ion. Organomercury compounds are more toxic than inorganic or 
elemental mercury. The toxicity of mercury ion is attributed to its high affinity for
sulfur-containing compounds and its affinity for other organic ligands. The most toxic 
form o f mercury is methylmercury, which preferentially binds to proteins once 
absorbed. Some ligands, which can coordinate to an active center in an enzyme and 
prevent coordination by the substrate, will tend to inhibit the action of the enzyme. 
Inhibition also may be effected by metal ions. Particularly poisonous in this regard are 
metal ions such as Hg +2 which has especial affinity for sulfur containing amino acids 
such as cysteine, cystine,and methionine. Mercuric ion completely abolishes the 
activity of carboxypeptidase A in hydrolizing amide linkage. The affinity of mercury 
and sulfur is responsible for many of the poisonous effects of mercury in biological 
systems.
Chronic inorganic mercury poisoning may result from exposure mercury 
excesses. The effect of chronic exposure is primarily to the central nervous system 
and the symptoms include slight anemia, hypothroidsm, and increased excitability. 
Acute mercury poisoning results from long period exposure or inhalation of inorganic 
mercury especially organometallic mercury at high concentrations. Symptoms are 
metallic taste, numbness of limb and lips, impairment of vision, hearing, and speech, 
difficulty in walking, nausea, abdominal pain, vomiting, and diarrhea. The stomach, 
gums and salivary glands may become inflamed. Also, psychic and emotional 
disturbances are characteristic o f the poisoning. The victim loses the ability to 
concentrate mentally and becomes fearful, depressed and may complain of headache, 
fatigue, weakness, loss o f memory, and insomnia (195). Although there are no 
specific treatments for poisoning by inorganic or organomercury compounds, it is 
often expressed that the poisonous effects may be reversed by addition of sulfur 
containing compounds such as cysteine or gluthathione. Also, a compound developed 
during World War I as an antidote for the organoarsenic war gas, lewisite, was 
dubbed British antilewisite (BAL). This has proved to be extremely useful as an 
antidote for arsenic, cadmium and mercury poisoning.
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In summary, all forms of mercury are toxic. Mercurous salts are less toxic than 
other forms of mercury. Elemental mercury is more toxic than Hg(I) compounds but 
less toxic than Hg(II) salts. Organic mercury compounds especially methylmercury 
species are much more toxic than other forms of mercury. Their high toxicity is due to 
their adverse effects of nervous system, ease of accumulation in the body, and 
difficulty in excretion.
REAGENTS AND STANDARDS 
Ethanol and toluene were chromatographic grade (J. T. Baker Chemical 
Company, Phillipsurg, New Jersey). Mercuric (II) chloride was purchased from 
Aldrich Chemical Company (Milwaukee, Wisconsin). Methylmercuric chloride and 
dimethylmercury were purchased from Alfa Products (Danvers, Massachusetts). 
Stock ethanol and toluene solutions (mg/mL) of the appropriate inorganic and 
organometallic compounds were diluted to prepare individual and mixed working 
standards ranging between 0.01 ng/mL to 1.0 pg/mL. All stock and standard 
solutions were stored in amber vials capped with mininert valves and were kept in the 
dark at 4 ° C. Generally, 1.0 pL of working standard solution was injected onto the 
column.
ADVANTAGES OF CAPILLARY COLUMNS 
Since its introduction in 1952, the technique of gas chromatography has grown 
in many areas of chemistry, biochemistry, biology, and engineering (196). The major 
limitation of GC is that samples, or derivatives thereof, must be volatile. Any 
substance, organic or inorganic, which exhibits a vapor pressure of at least 60 torr can 
be heated and eluted from a GC column. In the last decade nothing revolutionary has 
occurred either in GC instrumentation or applications, however, the most important 
recent development in GC technology has been the advent of glass capillary column.
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Some thirty years ago, Martin and James (197) introduced the concept of the 
packed column to the field of gas chromatography. Since then, a few important 
changes have occurred in the technology involved in the fabrication of packed 
columns. Capillary columns were first introduced in 1957. Their use has only been 
widely accepted, however, since the introduction of fused silica capillary columns in 
1979 (198). The convenience of flexible fused silica capillary columns, with the high 
resolution and short analysis time possible with open tubular columns, have made 
capillary columns popular in almost all areas of GC.
In the packed column technology, despite the treatment of closely sized packing 
particles with acids, bases, silylating agents, and a variety of other chemicals, the solid 
support still contains active sites which not only grossly interfere with the analysis of 
many polar solutes but also lead to phase degradation and a shortened column life. 
Similarly, many problems associated with the stationary phase used to coat the solid 
support particles remain unanswered. In the face of these difficulties, the packed 
column has remained so popular because, the only alternative, namely, the capillary 
column, until recently had not proved to be a viable, simple substitute. The second 
factor is that by encompassing the entire polarity scale, the large number of stationary 
phases employed provided the user with an unparalleled degree of selectivity. Recent 
advances in the fused silica capillary column has improved the selectivity required for 
many areas of gas chromatography (199).
Glass capillaries were a significant improvement over stainless steel or nickel, 
but they are difficult to handle and the problem of on column catalysis was not totally 
solved. Beginning in 1979, capillary column with a metal oxide content of less than 1 
ppm was introduced (198). This event dissipated a good deal of the resistance to use 
of the capillary columns, and problems with the fragility o f the conventional glass 
capillary column and its installation were solved. The chromatography community 
quickly acknowledge the outstanding qualities of this highly inert, inherently flexible,
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simple to handle, very thin walled fused silica tubing. These columns have excellent 
film and thermal stability, can be rinsed to remove nonvolatile contaminants, and can 
be used with all types of injection, particularly those that involve on-column 
injections.
EXPERIMENTAL
A capillary gas chromatography instrument was interfaced with an atomic 
absorption unit and utilized for speciation and determination of volatile mercury 
compounds. Figure 111 displays the block diagram of the GC-AA system. The GC 
unit used is a Perkin Elmer 900 series equipped with dual packed injector and two FID 
detectors. One of the injection ports was modified for a wide bore capillary column by 
installing a direct injection conversion unit. The other injection port was assigned for 
transfer of auxiliary makeup gas to the base of an atomic absorption detector (Figure 
112). A cavity was provided by removal of one of the FID detectors and was used to 
transfer the column and the makeup gas tubing (1/16" S.S.) to the base of the detector 
conversion unit. The commercially installed hollow graphite atomizer was replaced 
with a specially designed, closed cylindrical water cooled housing to a graphite 
resistance (T) atomizer. The housing is made of stainless steel and is enclosed by two 
water cooled electrode. Also, two machinable ceramic plates enclosed the atomizer 
housing. The fused silica column was connected to the base and the makeup gas from 
the side to the detector conversion unit. The gases from the column and the makeup 
gas tubing were passed through a hole in the base of the bottom water cooled 
electrode. The two electrodes were used to hold the graphite (T) atomizer within the 
atomizer housing. Atomization of the separated organomercuric species largely 
occurred in the vertical portion of the graphite (T) atomizer and the horizontal portion 
was basically used as the optical path to the AA unit. A glass quartz tubing (14 " x 
0.5") transfer line was used to enclose the makeup gas and the capillary column from
Atomic Absorption Unit
Plotting Integrator
Atomizer Unit
Ar/CH
He - Gas
a.
Splitter Heating Coil
Variac Transformer
Interface
Gsa Chromatograph
Figure 111. Block diagram of the GC -AA system.
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the outlet of GC to the base o f the atomizer detector. A pyrometer was used to 
monitor temperature of the transfer line. The transfer line was wrapped with 
(1/32" x 1") glass tape and was heated by a (1/4" x 6 ft) heating tape. A stepdown 
transformer (6-250 A) was used to heat the graphite (T) atomizer electrically by means 
of two electrodes. An ampere-meter (0-20) was employed to monitor the current. 
Temperature of the atomizer was kept at 1400-1500 ° C utilizing an optical pyrometer. 
A non polar (SPB-5, 30 m x 0.53 mm, 1.0 pm df) fused silica wide bore column with 
the injection temperature of 170 ° C, initial column temperature of 110° C (2 min), 
heating cycle of 24 ° C / min, and final temperature of 180 ° C (6 min) was used for 
separation of organomercuric compounds.
Different parts utilized in the AA detector unit (Figure 112) are listed as follows:
1. A Water cooled brass electrodes
2. B Welding cables used to transfer the electrical current
3. C Machinable ceramic plates
4. D Graphite saddle to transfer current from upper electrode 
to optical path of graphite (T) atomizer.
5. E Quartz lens for optical path of atonizer housing
6. F Water cooled S.S. atomizer housing.
7. G Optical portion of graphite resistance (T) atomizer.
8. H Vertical portion of graphite resistance atomizer housing.
9. I Brass union to transfer gases to the base of the detector.
10. J Teflon union to connect makeup gas unit to the brass union.
11. K Stainless steel makeup gas conversion unit.
12. L Nut and ferrule for capillary column.
13. M Fused silica capillary column.
14. N Nut and ferrule for the makeup gas umt.
15. O 1/16" S.S. makeup gas tubing.
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RESULTS AND DISCUSSION 
Atomic spectroscopy has long been applied to trace metal determination because 
of its selectivity and sensitivity. Its simplicity has led to its adoption as the technique 
of choice for environmental and toxicological trace metal determination. However, 
A A alone does not yield any information about different forms of a particular element 
present in a sample. Gas chromatography, on the other hand, offers an excellent 
separation power for different species, but often identification of organometallic 
species is difficult due to lack of sensitivity and/or selectivity provided by common 
detectors used in GC. In highly complexed environmental samples identification of 
different species is difficult to achieve without ambiguity. Use of AA as a specific 
detector for GC, combines high resolving power of chromatography with the 
specificity, selectivity and sensitivity of AA for determination of organometallic 
compounds.
An interfaced GC-thermal atomizer AA system has been developed and used for the 
speciation and determination of volatile mercury compounds in selected organic 
solvents. An electric discharge lamp was used which provided much better baseline 
stability compared with conventional hollow cathode lamps. A non polar (SPB-5, 30 
m x 0.53 mm, 1.0 pm df) fused silica wide bore column with the injection temperature 
of 170 ° C, initial column temperature of 110° C (2 min), heating cycle of 24 °C/min, 
and final temperature of 180 0 C (6 min) was used for separation of organomercuric 
compounds. The resolution, reproducibility, and analysis time were evaluated under 
specific isothermal and temperature programming conditions. Conditions were chosen 
in accordance with the particular sample and its corresponding analytical requirements. 
The programmed separation provided better results. The necessity of temperature 
programming is the result of the wide range of volatility of compounds under study. 
The presence of memory peaks was greatly reduced by hot, on column, injection 
which minimizes the accumulation of sample in the injection port. Generally, 1.0-2.0
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pL of working standards were injected onto the column. Ethanol, toluene,or water 
was chosen as the solvent of choice. Mercuric chloride, methyl mercuric chloride, 
ethyl mercuric chloride, and dimethyl mercury were analyzed (Figures 113, 114,and 
115). Figure 113 displays speciation of dimethylmercury, methyl mercuric chloride, 
and ethyl mercuric chloride. The first peak of the chromatogram is due to ethanol's 
molecular absorption. A lower head pressure (lower flow) and a longer programming 
cycle is required for a good resolution. Also, a thicker film column showed improved 
resolution. Dimethyl mercury elutes before methylmercuric chloride due to higher 
volatility. Resolution for methylmercuric chloride, and ethyl mercuric chloride is 
excellent. Concentrations of (CH3 )2Hg (5 pg/mL), CE^HgCl (4 pg/mL), and 
C 2H 5HgCl (7 pg/mL) were utilized for this analysis. The detection is higher for 
methylmercuric chloride and ethylmercuric chloride than dimethyl mercury. This 
might be due to degradation of dimethyl mercury on the column or to its loss due to 
high volatility. Ethanol and toluene were chosen for this analysis because, all the 
compounds of interest were soluble in these solvents. Figure 114 displays separation 
of dimethyl mercury and methylmercuric chloride in toluene. Although mercuric 
chloride is soluble in ethanol it coelutes with the solvent and does not resolve even 
with low head pressure and thick films. Mercuric chloride is not soluble in toluene 
and dimethyl mercury and methyl mercuric chloride are more soluble in toluene as 
compared with ethanol. Toluene is a non polar solvent and elutes after more volatile 
separated species namely, dimethyl mercury and methyl mercuric chloride. Aromatic 
solvents such as toluene and benzene have a high molecular absorption at the 
resonance line of mercury namely, 253.75 nm. This absorption is higher for toluene 
as compared to that of ethanol. Concentrations of (C H ^ H g  (3 pg/mL) and 
CHjHgCl (5 pg/mL) were used for this analysis. Figure 115 displays detection of 
mercuric chloride in water. Although, water is a good solvent for mercuric chloride, 
organomercuric compounds such as dimethyl mercuric and methylmercuric chloride
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are sparingly soluble in water, and a series of tedious extraction procedures utilizing 
organic solvents are required to concentrate the low levels of organomercuric 
compounds present in the environmental waters. Despite this shortcoming, water has 
no molecular absorption in the wide ultraviolet wavelength range utilized in atomic 
absorption. A aliquot of 2.0 pi with the concentration of 6 pg/mL mercuric chloride 
was injected on to the chromatographic column for this analysis. In general, excellent 
baseline resolution of selected inorganic and organomercurials in a relatively short 
analysis time was observed. Reproducibility was within 5-10%, and 100 pg of 
mercury can easily be detected. Sensitivity was higher for organomercurials as 
compared with mercuric chloride. Mercuric chloride analysis showed linearity to 7 
pg/mL. Dimethyl mercury and methylmercuric chloride were linear up to 10 pg/mL, 
and 12 pg/mL respectively.
There has been a number of analytical methods developed for mercury speciation 
such as thin layer chromatography, liquid chromatography, ion exchange 
chromatography, polarography, x-ray, isotope dilution, and isotope exchange (200). 
Packed columns with a wide variety of packing materials have been employed for 
analyses o f organomercurials, but these columns suffer from adsorption and 
decomposition phenomena specially for organomercuric chlorides, severe tailing, 
poor column efficiency and long preconditioning time (201). These problems become 
particularly crucial at trace concentration levels. On the other hand, fused silica 
capillary columns offer all the inherent advantages of an ideal gas chromatographic 
column such as inertness, efficiency, thermal stability , mechanical strength and ease 
o f use.
Sample preparation, which usually incorporates solvent extraction, analyte 
derivatization, and cleanup steps, is a key component in the overall gas liquid 
chromatography procedure and often is the most time-consuming to conduct and 
optimize. Minimal sample handling and chemical pretreatment is important in trace
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analysis in order to avoid contamination of sample, loss of the analytes and chemical 
change of the species present. Direct analysis is the best approach for trace analysis. 
Under these conditions, separation or isolation procedures can be eliminated and 
resulting data are more accurate and reliable as a result of the simplified analytical 
procedure.
A variety of other reports on the gas chromatographic determination of mercury 
compounds in environmental samples are to be found in the literature (202-207). The 
methods proposed are generally based on the extraction procedures developed by 
Westoo (208). However, this technique involves the use o f an electron capture 
detector, which has some inherent disadvantages; namely, low sensitivity to 
dialkylmercurials, interferences by solvent impurities and ease of contamination. Most 
of these problems are eliminated by the use of an optical detection system such as a 
microwave emission spectrometer or an atomic absorption spectrometer. Both of 
these detectors are very selective, sensitive, and considerably simplifies the analytical 
procedure. In the past, packed columns (with numerous stationary phases), coupled 
with FED or more commonly ECD were used for speciation of mercury compounds. 
Shariat (202) extracted nonionic dialkylmercury compounds with a mixture of pentane 
and ether, followed by their conversion into alkylmercuric bromide derivatives. The 
alkylmercuric bromides formed were detected using an ECD. This study showed s 
sensitivity o f 0.5 ng/L for dialkylmercury in water. Oda et al. (203) utilized a cold 
vapor atomic absorption spectrometer for speciation of inorganic and organomercuric 
species. The mercury compounds were selectively reduced to elemental mercury and 
detected by an atomic absorption detector. Baughman et al. (204) employed a gas 
liquid chromatography interfaced with a mass spectrometer for the determination of 
organomercury compounds. From the results obtained it was suggested that ionic 
alkyl and arylmercury species undergo decomposition during the GLC analysis. 
Recently, wide bore capillary column equipped with ECD was utilized for speciation
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of organomercury compounds (205). Measurements were performed on a modified 
packed dual column GC system with a temperature programming cycle. This study 
showed the advantages of capillary columns over the packed columns,.namely, 
enhanced performance, greater efficiency, and speed of analysis. The detection limit 
for organomercuiy derivatives was 5 pg/|iL. A packed column GC interfaced with an 
electrothermal atomizer AA system has been used for the speciation of inorganic and 
organomercuric compounds in biological fluids such as perspiration and urine (206). 
The levels of inorganic mercury found in urine were more than those detected in the 
sweat. Dumarey et al.(207) utilized a Coleman mercury analyzer system interfaced 
with a fused silica column for the speciation of organomercury (II) compounds. A 
temperature program cycle was used. Dimethyl mercury, diethyl mercury, 
methylmercuric chloride, and ethyl mercuric chloride were separated. The detection 
limit reported was 1 x 10 10 g of mercury. Van Loon and Radziuk (209) used a 
quartz (T) tube furnace AA system for separation of mercuric compounds. A special 
made aluminum tubing was packed with chromosorb W and utilized as the 
chromatographic column. The quartz tube furnace was kept at 900 to 1000 0 C with 
the use of a 20 gauge chromel C wire o f resistance 0.65 ohms/ft. The furnace was 
insulated utilizing asbestos tape.
Wasik et al. (210) developed a microwave-induced helium plasma detector for 
the capillary GC analysis o f organomercuric species. The detector was selective, 
peaks were well resolved, and the detection limit was about 1 ng/mL.
In general, use of the capillary column eliminates the deficiencies associated with 
packed columns such as adsorption, decomposition, severe tailing, and long 
preconditioning time. Also, the atomic absorption detector as an specific, selective 
metal detector eliminates the problems associated with common GC detectors such as 
ECD. These problems are low sensitivity to specific compounds such as dialkyl and 
diaryl mercurials , ease o f contamination, and interferences by halogenated
compounds or solvent impurities. The results of this study showed excellent 
resolution, good reproducibility, and low detection limits for speciation and 
determination of inorganic and organomercuric compounds.
Speriation o f Mercury Compounds utilizing G C-AA
%ABS
Conditions:
Column :
Fused Silica Capillary, SPB-5 
30 meter, 0.53 mm ID, 1.5 Jim df
Carrier g a s : He
Flow: 20 cm/sec Linear velocity
Makeup gas: Ar/CH4 
Flow: 10 mL/min
Sample volume: 1.5 jiL 
Peaks:
1. Ethanol
2. (CH3)2Hg
3. CH3HgCl
4. C2H5Hga
Min
Inject
Time
Figure 113. Speciation of mercury compounds utilizing capillary GC-AA.
Speciation of Mercury Compounds utilizing GC - AA
Conditions:
Column :
Fused Silica Capillary, SPB-5 
30 meter, 0.53 mm ID, 1.5 pm df
Carrier g a s : He
Flow: 20 cm/sec Linear velocity
Makeup gas: Ar/CH*
Flow: 10 mL/min
Sample volume: 2.0 (iL
Peaks:
1. (CH3)2Hg
2. CH3HgCl
3. Toluene
% ABS
Min
In jec t
TIME
Figure 114. Speciation of mercury compounds utilizing capillary GC-AA.
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Column :
Fused Silica Capillary, SPB-5 
30 meter, 0.53 mm ID, 1.5 Jim df
Carrier g a s : He
Flow: 20 cm/sec Linear velocity
Makeup gas: Ar/CEL*
Flow: 10 mL/min
% ABS
Conditions:
1
Min —
Sample: 2.0 jjL
Peaks:
1. HgCl2 In jec t
Time
Figure 115. Detection of mercuric chloride utilizing capillary GC-AA.
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